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Civi ng ineers 


ER, 


held each year the Annual Meet- 

istic of a re- union. To it come year 

ft those wl hav h d tl 

McGee used to say ‘Begorry, after year those who 


now one mosquitoes is as big as a sand hill burden, pleasu sure, Society 


years old, and resident in Tex- crane, and he has a brick under his management in years gone by. BS ce, 
s, prepared | for Texas ‘Local wing to sharpen his bill on n.’ Mike To it come also. the “newer and. 
of the Society a ‘memoran- Kelly, another section man, declared younger members their ac- - 
um of some of railroad that after very successful day’s -quaintances may be broadened. 
hunting returned with a fine provides one of the Society’ s two 
bunch of ‘jack snipe’ only to be told i opportunities for doing general busi- 
extended narrative at they w ere ‘gallinippers ness, the other being at the Annual 
nical but were none the less a part of page 
“On my lower | division”, Mr. 
-McCombs writes, “the contractors A Tho oughtful Ack 
“made their camp below Beaumont on 
was called ‘round mound’, ABOUT ay 3 years ago the Board of hij are conferred. 
which afterward, during “the oil Direction adopted a plan where- ae 
boom, acquired the name of ‘ Spindle — desiring to do so might > t = a ternoon session of Wed-— 
Top’. the base of this mound make a lump-sum payment which rgd the J 
was a coffee-berry swamp: or would provide for all future dues. 1e ec ivisions there will 
which the teams were watered. Richard L. Humphrey the this re- 
Along the edge of this pond there first person to avail himself of the w ate ib 
constantly arose bubbles of what we plan and, singularly enough, of those 4 ci ch. 
thought: be marsh gas; ; and it who did so, was the first to die. he = 
"amused some of us to touch a match plan appealed to him of itself, but y give to 
to these bubbles and see them burst _he saw in it too an opportunity to do < — oo age _ Practice, — -_ 
of the mule skinners, who collected sums of a dollar or reft lly con 
worked i in the oil fields of Ohio, so from a number of the 
“sa aid he believed those bubbles came _ friends of a certain revered member . aa Such reports s will be published un- 
= from crude oil down in the ground, | of the Society and purchased for him _ doubtedly, but to hear them pre: 
ig — and we all laughed him to scorn. It the paid-up plan. The dues of this — sented and to be able to discuss their — 
f turned out afterward that this same ‘member are | thus: paid for his life, details: with the many other engi- 
fellow, many years: later, came back but Mr. Humphrey planned to make neers present will be an opportunity 
> with a partner and an old well drill- ~ presentation to him of this mark it will be unfortunate to mes, 
- ing machine, and drilled a hole in. £ esteem a formal occasion and to 


hus the dive erse aspects of 
is Spindle Top, producing a gas well leave with him an illumined me- - business of technical matters and on - 


~ that was the inducement to the oil | “mento containing the signatures of fraternal grounds ‘the | Annual Meet- 
development Beaumont.” the donors. Mr. Humphrey’s s death makes appeal to young and old. 
ee _ undoubtedly will prevent the carry- =F ixed by the Constitution it occurs 


“The mosquitoes were so ing out of this part of the vays in New York on. the third 


summer that was _necessary to The will must be taken for the deed ednesday January and 


he wear gloves and netting over our and yet the deed has been done al -  tinues throughout Thursday; and 
hats; and to work toward the south, though not with the delicacy whicl Friday. The dates are acme 16, 
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private in ‘the ranks. ‘His 
will leave vacancies _in sev a lines 
de 
gEN of ability to” of Society work. This is the more 
iva ‘serve are a boon to an organi-_ remarkable, remembering that he 


This or held no o elective office at the time 


0, within a days of each other, In exas 


copy of | The Texas 


must be a source of sincere regret to’ 


_ the many who are. familar with their “published from time to time at 


the office of the Secretary, Texas 
If the credit being “ “Daddy’ Section, American Society" of Civil 
ofa a Technical Division should goto _ Engineer” , comes to hand giving the © 
one member, Mr. Ball is that program: for the “Fall Meeting” of 
= Ss man. He was the inspiration of the — the Section at Laredo, Tex., on No-_ 
Division, _vember 16 and 17, I 1928. 
_ Affairs were scheduled to begin at 
8:00 A.M. on Friday and to end with | 
records, arranged 
Few of its activities “were begun i. ‘ways: formed the principal technical 
without his help; few of its programs topic and a proposed licensing bill 
_ that he personally did not lay out. chief professional topic. 
He was its only, Secretary. copy of the proposed bill was 
that he did the entire work—far | _ inclosed and to those familiar with | 
from that; but he got other.people _ the registration laws of other ‘States 
3 work and kept them at it until the o significant details appear at once. 
jobw was done. And invariably it w fical 
good job. | was the egenius of regulate the practice of, not general 
es Charles B. Ball. He was efficient — engineering, but Civil Engineering; 
and faithful—a model executive and, second, in so doing the licensees 
any Technical Division. become certified civil engineers. 
Richard L. Humphrey was an en- v words, “certified civil engi- 
—tirely” different type. It is hard to neer”, recall the English term, 
pick out the particular spot where “Chartered Civil Engineer”, wich, 


he shone most, for he was every > by ig agen action, is a title that 


a where, in everything. Usually, it + 


in general Society work. His 


J. M. Howe, John A. 


_ of the Society, of course. ‘ere 


woe 


passing 


the banquet on Saturday night. ‘High- : 


r Bo 


THE Year Book went to press 
on March 1, 1928. Then the 
as 2,903; and to list 


The next Year Book will be issued — 
of March Ist, three months away, 
- but the data for the revision are wet 
up to date in the office of the Society 
throughout the year. _ When the m4 
comes for printing the 1929 Year 
Book, ‘the copy sent to the printer 
will be _ strictly up t to the minute 
and will need only to. be revised 
take care of such changes as come in- 
while it is in the printer’s hands. 
_ The method is to take each page ot | 
last year’s book and paste it in the — 


center of a brown paper sheet ; 


_ proximately 12 in. in width by 18 i in. 
in length, the borders of which pro- 
vide room for the necessary nota 


tions, 


First, the act t specifically se sets out to a, typical of any, page 190, pi 


at random, already shows one n 
crossed -off—the member has died ; 
seven “new ‘names added, additions 
to the ‘membership which fall in this 


__ part of the alphabet; and changes of | 


or title for six members. 
a On December r Ist postal cards will © 


of additional | for. change | 
ven ress After December Ist as’ 


‘3. 


sheets will begin to look less tidy 
Koch, and Hawley, all members 


_ these cards are returned, sometimes — 
as many as 100 in a day, the data | 


amo 


«tres 


as the date release to the 


pres 


2? PROCEEDINGS OF THE AMERICAN SOCIETY OF CIVILENGINEERS 
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 jnat 
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and 
| get 
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— ex 
Es 
La 
to! 
car 
hee 
nf 
j 
ste 
Pa 
By 
th 
be sent tO all members anc ese al- lai 
an 
stitution of Civil Engineers. 
ay ra Credit for drafting the bill is gi th 
He was a tireless worker, whether 
a aa as an officer of the Society or as a | ia 


Ve 


er Of great value, are the in- more of the rights 
i an roceedings during the calendar imited, or set in advance, the atten- 
Pr oceedings S year _ 1928. appear two tion to the prescribed limit should be 
‘Surveying about to recover its” tely ociety meticulous. _ Even an orator cannot 
. lost. estate ; to find Affairs, and Papers and Discussions, overstep the bounds or appear 
into subject a situation without disaster. 


engineering work? 
would be a logical re 


Getting Across matter of fact, never tried 


L to become better. On the other hand, 
Transit, and ‘Stadia 4 often it is said “He ‘knows: some of the most prominent and 
Lev he to sur- his stuff all right, “but can’t put cessful engineers are marked by an 
it across. ” Frequently the reference engaging, forceful manner before the _ 
is to engineers, and to their attempts: ‘public. the 
| always to give a job some at presenting their technical knowl- alt canbedone” 
| inary ‘study, determining the desir- edge to the public. Perhaps’ it is” _ To. sum up: Remember the old 
able limit of accuracy and conduct- = ‘some civic enterprise, possibly a pub- _ question “Does a tree falling in the 
ing the steps properly to attain the lic hearing on engineering ce make a Is" _— there is 
| corresponding results. . Land Sur- or more likely than not an an engineer-— no ear hear ?” 
-veyors in general will profit by Pro- ing meeting, = 
fessor Rayner’ spaper, the o occasion, a few 
on 
‘Comments on the Design of To 
Sludge ‘Digestion Tanks’ by” Rich- ace 
H. Gould, Member, contains, to the peculiar 
“quite logically, something of history demands: of the moment. If the at- 
and something of analysis, not for-_ _ mosphere is largely social, the treat- 


. getting a bit of forecast. From his -may be personal, conversa-_ NIEVER before have 
review it is quite evident why this tional, wit something N oof. engineers” for public office 

"4 more or less new mode of sewage of * ‘camaraderie” . But in-a strictly been so signally recognized. Im- 
treatment is growing in popularity. technical meeting, anything less than mediately one thinks Hoover. 


technicians co- -operate a _ formal attitude \ would be out of Throughout the “presidential cam- 
to evolve a complete City Plan 1s well _ paign he typified to the public the 


recognized. _ Just why this is so is synony- 


manner. Not every one can be a fin- = 
explained by Artlur A, Shurtleff, speaker, but at least there can 4 


be adopted the habits which make a accompli 
hearer. Usually this the 
address should not be read. In gen- ix 
eral, engineers are familiar enough struck 
with their work so that they can engineer stands 
came boulevards and public plazas, Occasion an enviable light before the public. 
until the whole city was caccm- ally the is more in- not, strange, 
1 and requires a measured de- “that a. 
echnical and artistic work was en- ‘ 
‘countered so that the real functions liberate treatment which only the lesser, altl h still li 1 
written form can satisfy; but this “SST: a “ll great, pol itical 
_of the City Planner became those of should be the exception. ahaa “office. Already the civil ¢ engineering 
40 -ordinating and harmonizing. It goes without "profession enjoys the proud distinc- a 
In his “Engineering Applied to ciation should be clear. This per- tion of having one of its members, 
y National Parks”, the Hon. Stephen haps is not so important a failing as Frank C. Emerson, as Governor of 
Pe Mather, develops the successive that of speaking too low. In picking the State of “Wyoming. The habit © 
steps by which the present National objective listener, he should be seems to grow, and with the recent 
Park organization was “brought toward the rear the hall. "election comes still another to an 
about. _ Engineers’ "problems Make sure that he can hear and hear equally great office, in the person of 
their s successes have been due comfortably, and if there is any Morgan F. Larson, chosen Governor 


large part to recognition: of artistic doubt, speak | too loudly rather than of the sovereign | State of —— 
and scenic qualities as well as tec ch- “too quietly. 


| nical details, combining to make — 7 ie Of course diagrams are important “as These men are not pseudo- nor 


| these parks ‘such delightful National aids, but at best they can be only aids. is ‘has-been” engineers. Each is in his 
Look away from the screen as much prime, with a career of active engi- 
The usual printed discussions « on _as possible; talk to the audience and neering in back» of him—in other 

| open papers are included, number- ac not to the blackboard, and don’t get words, his life work. To each the 

| ing 20 on 8 topics. Memoirs, 8 in absorbed i in _ profession has been a stepping stone 


also be found. ‘Nothing: audience -toliigh honor, = 


Esq.; in his paper “Relation c of the 
Landscape Architect to the Allied 
Professions Engaged i in City Plan- 
ning” Parks, once developed, had 
to be connected with parkways. Then 


‘Whether or not this was. 


political characterizing, at least 
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PROCEEDINGS 0 OF THE AMERICAN CIVIL 
ioe Automatic ‘Student form for a a lawyer to original dirt. of the 


LIAL after —ALB.A. City’ were accorded us—the ‘Court 
Membership membership in the “American Bar House was given us to camp in dure 


: Association, as it is for a Fellow of ~ ing a three days’ rain. weg ee 


“On the second nigh 
ght of ou our sta 
year the enrollm nt of the “write F.R.S. after his name the society people gave a dance at 


Society’ s Student Chapter at the member of the American Society of | ~ school house in honor of the: surveys 
Polytechnic Institute sud- 


~ Civil Engineers to write M. Am. Soc. ors. The men came wearing brogang 
double 324 _E. after h his name.’ and the ladies barefoot ; the men took 
Tr seemed ‘too ‘good to be true. In- off their shoes and set them in a Tow 


Proceedings—Vol. 54 along the side of the wall. I wag 


several times importuned to join ther 
not an nt HE December festive crew—but for reasons of j ine 
to join. 3 ings completes the work of 1928. to 
perhaps, they made them-— It is more than the ordinary year. kei i: the olds 
selves do it, for after ‘all the plan had = SO was 1927. In both these years a __ fashioned kind; he sat in the corner, 
; “determined effort was made tocatch ona log, crossed his legs and swung 
Every student in the Institute pays extent that was accomplished, al- called the ‘figures’ of the dance 


_ a Blanket Tax. In this they are like _ though, as might be expected from mostly ‘swing corners’ and ‘Gents toll 


most other colleges, as it includes — _an enlarged membership, papers are _ the might’. But, believe me, it was 
hleti blicat ions, student or coming in at an ever-increasing rate. fast and furious fun. The dust that§ 
athletics, publicati g “Pp of d tter seem to. raised fearful—after each ¥ 
- ization, ‘and year book. The point of ages of printed matte of; “dance.” 

lies in the inclusion of Stu- parison, and if it be taken for 
granted that there been ‘One di day I looked into the muzzle. 
by student vote. Thus, every man is = minution in quality, represent the of a .45 Colt, but to me it seemed | 
of one or another Student increased service to members. full grown HORSE I was paying’ 
following table of the 10 off my men, in the store of my 
features of Proceedings Transactions in Tyler I paid them 
‘ ~( Thousands (Thousands their salaries and enough additional 
work are” progressive notably oft Pages) Pages) g 
year’s technical activities with a defi- 1920, 440 35212 ‘Whee nd meals on the “way. 
aim or goal. The membership 1921 3 nen I came to a man _ named 
provisions, “however, are really dis- Bridges, I had hired right 

_tinctive. They have this | positive ad- give 
_ vantage, no difficulties arise in get- ‘tae 9 y < ey. He stood in 
d demanded the same 


ting full membership or in collecting 926 = 37161 3 front of me an 


| ‘extra’ as the other boys; without 
looking up I refused, and continued 
1928 57 056 write out his check: When I did 
The edition in the same interval, look up my face was about a foot 
ie., ten years, has increased from ¥ 
‘New Wek 9000 10 14 400 from the muzzle of his .45 Colt. 


felt little lizards running and: 

“really worth having”; going Surveying. ag In Texas heard some. _ cough» and 
on it replied, “undoubtedly they are, 


looked around. Capt. Clough had 
1 
“from (Continued f from page Bridges covered with a double har- 


wal “On the flats was the finest t virgin Teled shotgun and two of my boys’ 
long leaf yellow pine timber that I shad him covered with pistols. I Fe 
stitutions by no means notable that ever saw. It measured, across the marked CALMLY to Bridges that 
the value in all cases may be im- ra butt, five and a half feet ; and was if he would casually look around he 
paired. six xty to the first big knot, would probably remove the ‘can- 
a Continuing, the editorial elaborated at least three feet in diameter there. pa He tooked—and turned whiter 
upon its point, more particularly with 


respect to legal degrees and ‘cone only saying with a sickly’ sm smile, that it 
women wearing shoes—one was only” a bluff. 


— 
notable institution, but so many 
licenses” of the kind come from 


with the followi ing: 
“A far more hopeful suggestion 
is that bar associations can place the wife of the storekeeper. All the have cost him his life, if he had not 


their own for others barefoot. The school been in line with me. It was all 
house was a thing of beauty—of un- “4 
hewn end; the ‘eee He his check and 
forever—we 


~ 
the sheriff’s wife and the other was ‘Capt. Clough said that it 


than sheet. He put up his gun, : 
p p g 


could do to keep my two boys from | F 
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FOREWORD 


_ Engineering Foundation presents in the following pages the first instal- 


“ment of an experimental study of Arch Dams conducted by a Committee com- 
posed of members of the American Society of Civil Engineers. 2 Two. or three 


years W: will be required to fi finish the work in hand. Then the ¢ Committee will 


complete its report. rt Since the investigation is still in the st stage of research, 


reduction: of the partial results to the form of guides for practice in every 
construction, 0 or examination of Dams would be premature. _ Nevertheless, the 
‘practising ‘Engineer will, find in this : first ‘volume 0 of the report much usable 
‘information. ‘The attention of Corporation Executives and Public Officials 
iss directed particularly to the the General Statement | by the Committee in Part I. 
rr, It seems almost unnecessary to remark that the extreme thinness of the 


experimental dam built by the was not intended as a 


for ¢ dams to be built for ‘service. The dimensions were ‘selected with a 


view to ‘getting as large deformations as practicable in order to ‘reduce ‘the 


difficulties of f their and increase "accuracy the 


a” 5 
obser vations. 


re 


which Engineering F was ‘created ie the 
Societies of Civil, 3 Mining and Metallurgical, Mechanical, and Electrical 


Engineers. The personal services freely given by 1 the Members of the Com- 


“mittee and its Sub- Committees have been made fruitful by the funds con- 


tect ut, 
and ‘other organizations have “supplemented ‘the Committee’s efforts. T he 
anneal: of the American Society of Civil Engineers, one of the Sectadiatin’l 
constituent bodies, has been most helpful and this Society’s publications arej 


the natural channel el through which to present the of a Civil Engineer-J 

Engineering Foundation commends the Committee Inves-§ 

_ tigation ; and its Sub- Committees for this persistent devotion to the task under- J 

taken i in 1922 and « expresses appreciation for the varied forms of co- operation | 


by numerous Persons and in the 


Aurrep D. Fury, Director. 
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Letter or TRAN sM MITTAL. . 


eee eee . 


tal- 

IT.—Arcu Dams: An ExpermMentan INvEstication. 

Frep A. Norerzui, M. A. Soc. C. E..... 

I 3.—Design of | Experimental Arch 
pat- 
‘and Multiple Arch Dams. 

Parr AND ConsTRUCTING THE EXPERIMENTAL AROH 


H. W. Dennis, M. A. $00. O. eee 


1V.—Rzrosr or Tests on STEVENSON CREEK Dam. 


ativel ‘By A. Starter, M. Am. Am. Soo. C. 
ae CHAPTER A- —GENERAL ‘DESCRIPTION: A 
om- 
con: | 
CHAPTER B.—Mareriats anv FEATURES oF Construction 
= —Measurement of for Concrete. 
Mixing and Placing 
— +, 8.—Forms and Form Removal. ive 
10. —Proportions and Strength of «= 
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—Curing of Concrete. . 
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—Filing of Data.... 


G.—Benavior or D AM Durine Coxstruction CuRING | 


Daring Hardening and Curing of Concrete. 


33. —Strains and Relation betw een Strain and Temperature. de 


—Deflections and Relation between Deflections and Tem-- 


perature . eee 
36. Computed from. ‘Tempers 


cunts 36. from ‘Foundation ‘During Period. 


40, —Oracking During Testing Period....... 
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—Deflections Due to Applied Load. 
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ARCH DAM IN INVESTIGATION 


Srawrorp Untverstry, Nov. 3rd, 1927. 
4 Ma L. B. 


Engineering Foundation, 


‘With this letter I have the honor to transmit to Engineeri ing Foundation a 3 satety 
of the Committee Arch Dam Investigation. ‘The Committee held de 
its first meeting in San Francisco, January 18, 1993 ‘Although its work is noth. 
finished, the major experiments undertaken are so ~ advanced and the work : Hi 
has: been 80 so successful that tk the Committee feels. under obligation to of 
to its supporters and others some of the information gained. 


port was authorized by the Committee at a meeting in Los Angeles on July@ 


20, 1927. ‘The Committee ‘expressed ‘the hope that Engineering 


wal point and issue the report at as early a date as may — convenient. 


ectfully 
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THE COMMITTEE" 


g, designing and. construc ing wi dams aie the ower, irri ation, 
ater or flood ‘control systems connected with them, are tasks for 
trained engineer Engineers have also a large share in determining 
economic feasibility of such projects. Consequently the ‘major portion of this 


report on an investigation of arch dams been written in 
engineer’s’ lJanguag e. The subject concerns investors, bankers, 


rs, corpora ration executives, , regulatory authorities, and other 1 non- technical — 
aie. Ina report before completion of the project, , statements about conclu- — 
sions and benetits necessarily are incomplete and subject to revision. _Never- 
theless, a few tentative statements are made here for the groups just named, 


because the information is needed and the pr progress ss achieved justifies them. i i. 
Dams are key structur es in ‘the systems of which they are parts. On 

their security com: commonly, "depends, not t only the integrity of the in investments 
in the dams and appurtenant \ works, but also, both. directly and indirectly, the 


H safety of other properties of great value and sometimes of many lives. Nat- 

4 urally, therefore, most dams built by engineers have been very conservatively, aa 


designed. structures often adds much to their cost 
and sometimes renders the projects financially infeasible. 


‘Hitherto, conservatism in design of arch: dams has been n compounded 


of ‘ignorance and justifiable prudence, the latter has been uded the 


y former. _ Ignorance was due to lack of experimental knowledge which could 


_ be gotten only by an expenditure of funds and an assemblage of special talents — 
which could not be commanded by any | engineer single-handed and by few, 
if any, companies alone. Investors. and tel have a vital interest 


in these aspects of many engineering problems. It is a good investment to 
assist engineers acquire new experimental knowledge that will lead 


reduction of ¢ cost, increase of _productiv or enhancement of physical 


Such acquisition 0 of new knowl ledge i is often possible only th through cox opera- 
tion. The Arch Dam a Investigation is is a good example of co- ‘operative engi- 


na 


neering research, as ‘the list of affiliated ag encies (see Acknowledgments) shows. q 
In this instance the needed assemblage of funds, ; talents, and other resources q 
was brought by use of the the 


appealed to Foundation for | aid, and the 
Committee on Arch Dam Investigation was organized. 


* For - statement of membership of Committee and Sub-Committees 
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ARCH DAM INVESTIGAT 


‘There were three general by which exper erimental knowledge might 


‘Tests and observations on existing dams or duune being built; 


Tests of small models in laboratories ; 


‘ests on one or more dams built especi ally” for cnineunil pur- 


poses, but ot sizes approximating dams built for service, 


Much as to the dependability of results of tests of small 


r models; . conditions obtaining i in such tests seemed very | ditferent from those of 


‘real dams. - Funds and facilities for building | and testing a full-sized model | 

“were not in sight when ‘the Committes began its work. - Attempts were made, 

: therefore, to get information by studying existing arch dams. * Other chapters 

tell « of ‘the remarkable resources that became available to this’ ‘Committee 


and the use made of them. a 


The Committee ventures the following conclusions, subject. to 


in a second volume o of the report, which it expects to submit upon the com- 


wh —Teats of the ‘Stevenson Creek full- sized, _ experimental arch dam have 


the great strength of a 1 thin, unreinforced concrete arch dam,* | 


if well built, on ‘proper foundations, and nm has shown the ability of 


2.—These_ tests Pani yielded positive information as to hov his: arch dam 
Ca rries its load of water pressure and resists other fore s acting upon it. bi 
 3.—The tests have supplied data v which ap} ‘appear to be suitable for use in 


_ devising rational methods for the intelligent | design of arch dams" and for 


Use 


examining the stability | of “existing arch dams, within some limits not yet 


ee, —Indications of agreement with the Stevenson Creek results (gotten by 


+ investigators | on one large dam in service. and by another grow 
of experimenters at Princeton University, using a ‘small model of very different 
‘ material) gives assurances ‘that some » dependable experimental knowledge has 


been gotten to confirm or modify assumptions heretofore. guiding the design 


-Agreement between Princeton. model and the full-sized dam indi- 


"4 
cates that models may be used by competent engineers, with - confidence, for 


. seeking further genera information about arch dams or for determining the 


. strength of proposed « or existing dams, | ata small fraction of the cost of tests 
? of a full- sized er or a model large enough to use the ordinary materials of 


aA pone prey concrete dams are commonly built with no steel reinforcement, as little 


if any advantage could be gained by the use of steel, except that special conditions in some § 
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ARCH CH DAM INVESTIGATION 
_With the aad of information being gotten by the Committee, | arch dams . 
oa wean she be built on some sites of less thickness than would formerly 


7. —Econdmic benefits may be expected, therefore, in lower costs of 

dams. For some projects this reduction in the cost of dams: may | be sufficient 
to ‘make. financing possible, ‘thus permitting the creation of productive proper- 

ties which otherwise would be impracticable. 
8.—Dependable means for ‘determining the s of proposed arch 


3.—THE ‘TECHNICAL Reports 


members widely scattered, whose r were for 


ays 1in the assistance of 


competent investigators aaa devote the time. Various portions 


= appropriate committees. Correspondingly, “parts” of this report have 
been prepared by these specialists. The Committee examined the drafts 


of these chapters, has accepted them, and has assembled them into this volume © a 


for publication 


‘Some of the purposes of the Committee in preparing this report before © 


completion of its work are: 


To make information now now in hand available; _ 
To submit its work at this stage to examination and discussion ; 
To invite suggestions and contributions of additional information; 
To detect and correct errors; 
To give its supporters an earlier, although partial, return for their ; 
To disseminate information of ‘the success of this co-operative 
research, in order to enlist the support of former and new con- 
tributors, thus making possible the continuation of the Com- = 


mittee’s work, 


7 By these means the Committee hopes to make i its final statement of greater 
value, Besides specific contributions to the knowledge of arch dams, this: 
investigation is obtaining information of general application on about the physical : 


properties of Portland cement and ec about instruments and methods, 


_ Interest in the investigation i — world wide, as attested by « corre- 


‘allie: visits, and papers in the technical and popular press. In In ‘spite of 
"difficulty of access, , the Stevenson Creek Dam has been visited | by an unex- 


pectedly large number of persons other than members of the} construction and 


test forces. There have been. visitors also to offices of members of the Com- 
‘mittee, and the office of Engineering Foundation, seeking information. Among — 
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ARCH DAM INVESTIGATIO 


a these visitors have been « engineers rs from Argentina, Czechoslovakia, Holland, 
India, Japan, Norway, and Mexico. 
Discussion of the report is invited and should sent to American 
Society of Civil Engineers, at 33 39th Street, New York, 
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THE PRoBLE) EM 

ed There has been demand for lower cost of dams while conserving safety and 


‘permanence, for power development, water supply, irrigation, and flood control. a 
~§} To meet this need types of concrete dams using less material than ‘ “gravity’ :- 
dams have been devised. Th “he arch type has been used for ‘centuries for 


q impounding water. Many arch “dams of ‘great heights have been built,  espe- 

ie 4 cially in the western parts of the United St ates. _ None has. failed for reason of : 

structural w veakness. Some arch dams are ver y y thick, and others very. thin. 


we ® Either there has been : a wi waste of material in the thick dams, or the limit of © 


has | been closely approached in the thinnest. 


exact determination of stresses in an arch dam complicated 


first glance, the design of a horizontal circular arch under water 
loads appears to be simple; but the effects of complete or ‘partial at 


the ba base and along the sides, 1 temperature ‘changes, and other variable factors, 


| 


“render the intelligent designing of an arch dam difficult. 

_ tn the past most were designed by the so- -ealled ‘cylinder” 


* 
according: to which a dam was -considere as made up of a series of 


horizontal arches, and the stresses in e each elementary arch were ¢ calculated | 
according to the relation of ‘the wall thickness to the radius of the arch. a 


Thus, 


p = weight per unit of volume of. water ; 


é 


y= depth of water; 


‘a the r ring are not ore to move inward. : Thus, the shortening of the arch ~s 


“introduce stresses generally are referred to as ib- shortening” stresses. 


Engr. Angeles, 


* 


ARCH DAM INVESTIGATION, 
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— 
— 
t = thickness of arch. 
The cylinder formula is based on me 
apphed, the perimeter of the arch is shortened, due to the elastic deformation 
‘ of the concrete, all points moving a small distance toward the center of the __ ‘ eS 


ARCH DAM M INVESTIGATION 


Again, if the bottom of an arch dam is set, for instance, ina groove, so as to oe a 


‘ i rigidly held ag rainst t displacement, the locos’ arch ring will not be ‘subject he sj 
- arch stress, but will simply serve to transmit the load coming upon it to the Boot 
- supporting groove. - Successive arch rings above the bottom will be partly -obtai 
restrained, with the result that they will be only partly y stressed a as s arches, 
the 1 remaining load being carried by vertical eantilever, beam, or other action. 
_ For facility of mathematical analysis, some engineers 1 now consider an 
7 arch dam as made up of a series of ‘elementary horizontal arches and a a series 
of elementary vertical cantilevers | or beams. — As a first approximation, the 
_ elementary horizontal arches and one elementary vertical beam at the center 


- of the dam 1 may be e considered. The water load is then divided between hori- 


zontal and vertical elements in such a way that the deflections at the points 9 
of intersection of these elements are identical. a A greater degree of refine- 
ment is obtained by considering, instead of only one vertical ¢ element, a series, 
usually of three, five, « or seven, such vertical elements. . The problem i is then 
to determine th the partial loads for all the assumed elementary horizontal | arches 
and all elementar y vertical beams st such that the deflections of the two ‘systems 


at all points of intersection are identical. 
‘hel Computation of stresses in an arch dam i is further complicated by the 


various changes of ‘temperature. If the > temperature rises uniformly through- 
the concrete, the « dam will « deflect up up stream; if, the temperature of the 


aq lowered, the dam will tend to. deflect down stream. move- 


ol 


ments introduce bending stresses, which are added to ‘the stresses produced 
by the water load. ‘The determination of temperature ‘stresses in an arch dam 
is ¢ difficult, even if if, the temperature change is uniform m throughout the m mass. 
4 Gener: erally, there will be a difference between the temperature | on the water, 
q and on the air, side of the dam, which fact complicates the p problem still more. 

‘There are additional influences which affect the stresses in an a arch dam: 


- Shrinkage of the concrete > due 1 to: setting of cement, swelling due to moisture : 


' concrete, lateral. deformation (Poisson’s law), plastic flow of concrete of 
yielding of of foundation, and various minor influences. scontr 
The purpose of the arch dam investigation was to secure experimental | 
data and other information on arch and multiple-arch dams. Before this OQ 
_ investigation, there were few, if any, experimental data available on the way the a 
an arch dam of : any shape suppor ted its water load and resisted other forces. by th 
‘Hitherto design and such mathematical analysis as was undertaken were based § tente 
on assumptions, general knowledge of engineering materials and structures, the 
and accumulating « experience with the increasing number of dams of variou Bar 


es and dimensions. the d 
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~ 
_ An arch dam on n Stevenson Creek ¥ was constructed by this Committee “— 
the spring of 1926 purely for experimental pu purposes. Tt was equipped during | 
in order to 


q 


physical of the -eonerete aggregate the 
iter |) strength and modulus, of elasticity of concrete specimens a at different ages, 


ori- during the | construction and testing of the dam. . An extensive program | of 


ints laboratory tests on ¢ concrete of the same kind | of cement and aggregate 1 is 


ine- being carried out in the Materials Testing Laboratories of the | Univ ersity of 
igen California. Experiments « on models of the Stevenson Creek and other dams” 
hen are being made at the University of Colorado. At niversity, tests 
ches ona small celluloid model have been 


ems | 
pre” 3.—Desian or Experimenta Da 


‘the ae The design ef the Stevenson Creek Test Dam was the dad of much 
study. Several designs were prepared for different sites, different arch radii, 


thicknesses, and corresponding unit stresses. The followi ing zB conditions guided 


3 the pr preparation of the plans for the dam as constructed : _ 7 
a 
—The e dam was to be of the ‘simple ai arch type; 
m 3 an _ —It was to be relatively safe at an initial height of 60 ft., but it was 


also to be reasonably certain to break ‘under ke load, ‘if f and when r raised to a 


height of 100 ft. or thereabouts. 
x, The up- “stream face was made vertical ‘with a constant radius of 100 ft. 
fro 


rom top to bottom. For the foundation the bed-rock was excavated to such 
a “Tines as to make the profile along the up-stream face practically symmetrical, 


V-shape, with a slight ‘rounding: at the bottom. The sé second condition 
controlled the ‘thickness, which is 7 ft. 6 in. at the base and diminishes to 


2 ft. at : a height of 30 ft. From there to the top it is 2 2 ft. . The length | meas- 


along the crest is 140 ft. The ratio between thickness at crest -and length 


‘this Combined cantilever and arch action was assumed. The of, 


, Way & ‘thes amounts of water load carried by the e elementary vertical cantilevers and 


by the elementary horizontal arches, respective ely, were made : according to 
based tentative method.* This consists in assuming one or several vertical slices” of 
tures, the dam, so- called waitin, each 1 ft. wide; in assuming further a series 
of horizontal arch slices; and determining by a semi-graphical method 
ae | _ the division of loads upon cantilevers and arch slices in such a manner that the 
Appa deflections of the points cammon to both "systems: are as” nearly the 
ait { as s practicable. The essential data are given in Tables 1 and 2. The analysis 

con: made for six elementary horizontal 10 ft. apart, and for one ver- 
meas: 


rvoirs 
“Gravity and Arch Action in Curved Dams,” Fred A 
‘Transactions, Am. 6: Vol. LXXXIV (1921), 


2 _ARCH DAM INVESTIGATION 
to 
ect 
‘tly | obtain as complete information as possible on strains, deflections, and other a \ 
nes, | phendmena. The dam was tested during the summer of 1926 under many _ ; rar 
ion. | different load conditions. Information on its behavior was also obtained for —_— 
‘an | changes of temperature in the dam when the reservoir wasempty,. 
— 
“=: 
q 
— 
07 | 
uc 
dg — 
nass 
ater 
nore 
lam — 
sture 
— 
rete, 
‘ 
| 
— 
— 
— 
— 
Noetzli, M. Am. Soc. C. E., 


a 


\ with th 


sections, the dam between the base the 30-ft. elevation ‘was 
ith a thickness which differs slightly from. that used in the design, as this 
facilitated the erection of forms true to prescribed lines. Thus, at the 10-ft. | ae ¢ 

"elevation 1 the thickness assumed in the design was 4.25 ft. , but 1 the thickness" arches 

as constructed is 4.40 ft . At the | 20-ft . elevation the thickness was ‘changed “fixed € 

from 2.75 ft. to 2. 58 ft. . These differences are relatively small and may be - 

__ neglected when comparing the loads and stresses sses determined i in the design with | . and a 


those obtained from the data. Tha 


dea 


i} her i 


Elevation, in 


& 
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4 SLAB 4Ft THICK AVERAGE 


CROSS SECTION OF imag PROFILE ALONG UP-STREAM FACE OF DAM 


| 


Fie. —PLAN, PROFILE, AND CROSS- SECTION, ‘Comme Test 
In Table 2 are given the dimensions of the elementary vertical cantilever, 


its moment areas and deflections for partial load. The division of the 


| 


Ass 


2 000 000 Db. sq. in. “Tt proper to assume a 
smaller modulus for t the cantilever than for the arches, inasmuch as some por- 


Hons of the cantilever are in tension and, further, in. order to make 


allowance for the deflection. of the cantilever to shear. 


og of the arch elements at the various elevations; also the arch loads and defle . 
tions for full and for partial water pressure. 
— 
* 
— 
— 
— 
— 


D DAM IN INVESTIGATION 

ee In Fig. 2 are shown the graphical constructions by which, i in combination — 

i "with th the data in Tables 1 and 2, the approximate division of water load was a 

ial =. by the so-called tentative, or ‘ “combined cantilever and arch”, method. 


ed The reservoir is assumed to be filled to the crest of the dam. . The temperature _—— 
ris is taken as constant. — Fig. 2(a) is a vertical ‘section through the dam at the 
ft. | arch crowns. Fig. 2(b) gives the deflections of the: elementary horizontal 
= 
388 arches for ‘full water lo ad, as ¢ computed from Cain’s formula for arches W with 
ed fixed ends.* _ The division of water load as arrived at after several trial 1 com- 
be putations, is shown in Fig. 2(c). The deflection curves the cantilever 
th arches, respectively, for the divided loads” (Fi ig. 2(f)) coincide 


| om sail in the arches made be the divided loads shown in Fig. 2(c) “wil 

- nished the results given in Table 8. These values of stresses are also show no 7 


1.—Desien oF STEVENSON CREEK Dam: Data FOR CALCULATING 


Conditions : 


Tem erature : No change. 


DEFLECTION oF ARCHES FOR: 


“ 2) 6 | | 8 

sg | 2/3 £3 |_ 
60 | 2.00 0.0202 | 139 — | 0.015. 
50 | 2.00 0.022 | 118 625 | 0.0158 | 0.190 | 775 | 0.236 

40 | 2.00 0.0202 | 97 1 250 | 0.0812 | 0.874 | 1210| 0.362 

80 2.00 0.0202 | 76 1 875 | 0.0449 | 0.539 | 1 385 | 0.383 

20 | 2.75 0.0279 | 55 2 500 | 0.0816 | 0.379| 1250] 0.190. 

10 | 4.25 0.0484 | 84 0. 


| 


The stresses at the base of the cantilever were computed at 429 lb. per 
§q. in. compression at the down- stream face, and 380 Ib. per sq. in. tension» 


t the up- “stream face between the dam and bed- rock. ck. According to these 
omputations there ws was, therefore, probability of a -erack developing at the 
- up- “stream face between the dam and bed- rock. Such a crack did occur when 


ees 


the dam was loaded, and, with the reservoir full to the crest, an opening of the | 
er 
ack of as much as 0.05 in. was s measured. Pe ae ee tee 
= *“The Circular Arch under Normal Loads,” by William Cain, M. Am. Soc. C. E, 
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‘TABLE 2. —Desien OF STEVENSON CREEK Da 
wee CANTILEVER DEFLECTIONS.* 


988000000 
200 000 Xx ft, or 8. 0 in. 


ertia, J. 
in 


in feet. 


artial load, 
uare foot. 


of 
Bending 
moments, M, 
ounds.— 
in 
inches. 


in pounds per 


Elevation, in 
cantilever, t 

~Moment 


‘ 


Thickness 


in foot-pc 
Deflection, i 


JHANGH IN 


7 


Elevation, i 


0.23 
0.86 
0.38 | 
| + 86000 | 

6.39 | 


v0 


ie Ws 


IR 


OF THE TEST DAM. | 


a 


187 | 
well = +890 000 


ss * Moduli of elasticity assumed: For arches, E= 


a ~w 


‘TABLE oF STEVENSON CREEK Dam: Srarsars IN 


ARCHES 
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mn 
4 
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CANTILEVER AND 
DETERMINED IN THE DESIGN 


EN 


DIVISION OF WATER LOAD BETWE 


= Conditions : 


CANTILEVERS, 


ge. 


Water surface vat t Elevation 60. 
Temperature : : No change 


‘Hlevation, 


in feet. 


—|Crown: 


Crown: 


| 


Arch stresses 
partial 
water load, in 
pounds per 

square inch. | 


Cantilever 
section. 


Cantilever stresses 
from partial water ; 
load, in pounds per 


inch, 
™ 


Crown: Extrados........ 
Intrados 

Extrados.. 

rown: Extrados.. 
Intrados 
Abutment: Extrados.. 
_Intrados.. 
Extrados.. 
Intrados 


4 
Abutment: Extrados.. 


Extrados.. 
Intrados 
Abutmert: Extrados 
Tntrados 


--Extrados.. 


_Intrados.. 
Abutment: Extrados 


Intrados 


Intrados........ 


Down stream. 


Up stream, 


bh 


Down stream. 


Up stream. 


Down 


Down stream. 


‘Up stream. 


Down stream. 


Upstream. 


Down stream. 
Upstream. 
Down stream. 
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ARCH DB DAM INVESTIGATION 


= ‘The stresses in the arches due to the divided loading were computed by 
the elastic theory, assuming the arches as fixed at the abutments, and loaded 


by a uniform a radial 1c load of the e intensity determined at the crown by the 
| F “combined | cantilever and arch” method. (See Table = 


Similarly, an analysis of the stresses wa 


full reservoir and a uniform drop i in ‘temperature of 20° Fahr. ~The data oo 
graphical constructions are given in Tables 4 and 5 5, and by the diagrams of 


Bg g. 4. It should be seca that a a var iation of the arch recqamarninng? may be 


After: the temperature “Toad has been determined. added. 
_braically to the water pressure, the of the total | load be e effected 
by the tentative cantilever a: and arch method a manner similar to that 


TABLE 4- OF STEVENSON Dam: ‘Dara FOR 


Deflection, = = (ret, ° and th 1e 


0.0000055 


q 


per Fehr enheit. 


/C onditions 


Load: Ww ‘ater surface at Elevation 60. 


Drop of 20° Fahr. 


Z, 
= 
a) 
< 
a 
Z 


ee OF ARCHES FOR © 


STRESSES IN CANTILEVER 
Elevation, in feet. 


a 


A 


Full Load | 


Arches, Water Partial Load on 


_ Pressure Plus © 
Equivalent Tem- Arches. 


=a 


ARcH DEFLEC- 
. D, Dus 

TO Drop oF 
TEMPxRA- 


uare foo 


h thickne 


=> 
rature lo: 


in feet. 
ficient. 


Deflection 


coe 


Load,in | 
pounds | 
tion, in 
inches. 


line, 7, in feet. 


Sor 
unds per sq 


i= 


Are 
Radius of arch center 


Equivalent pe 
in po 


414 | 0.480 | 


3 000 


Fie. 3. 

| 
sss 


ae the inl the sind stresses for the remaining load would be high, « especially 


Division 0 of the water pressure between and arches with water 


in the reservoir to Elevation 40, by , the tentative method, w was determined as 
‘shown i in Fig. 5. The corresponding data are given in ' Tables 4 A and (8 The 


“design 5 was prepared by the 1 writer. 
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20 i. ARCH DAM INVE 
“(TABLE —Desicn or Stevenson Creek Dam: Data For CaLcunaTine 


4 
Pole distance, @ = ————____ 0.667 ft., or 8.0in.) 
sa- | m8S | oa | 
60 | 2.00 | — 2 | — 6 900 0.667 | —10350 | 0:48 50 
110, — 29550) 0.667 | —44 200 | 0.59 | 
30 | 2.00 | + 720 —38300| 0,607 | -s740 | | 0.88 | 80° 
1680 | + 28 300 1.78 +16 350 ‘eal 0.29 | 20 
| 750 4888000] 85.2 | 428800 
in, 
_— - * Moduli of elasticity assumed: For arches, E == 2500000 Ib. per sq. in.; for canti- g 
"TABLE 6. 6—Desiox ‘OF STEVENSON: CREEK Dam: Srresses IN ARCHES 
ao. : Water surface at Elevation 60. 


Elevation, 1 pe | Cantilever 


from partial water 
Joad, in pounds 
square inch. 


pounds per 
square iuch. 


in feet. 


|. Tnntrados........ 44 stream. 
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TABLE E 7.—Destox OF STEVEN on Creek Dam: Data For CALCULATING 


& Load: : Water surface a at Elevation 40. 


Load on | Partial Load “alll 
|] |e Pounds | 
3 


60 | 2.00] 99.0 | 0.0202} 139 | 79°40" | 139%] of o 
80 | 2.00} 99.0 | 0.0202| 76 | 48°80’ | 1.74 | 1 875 625 | 0.180 
2.75 | 98.63 | 0.0279 | 55 | 81°80’ | 1.27 250 | 0.190 In 
10 | 4.25 | 97.88 | 0.0434 84 | 19°30’ | 0.23 | 638 | 1 87% 088, 
“0 | 7:50 | 96:25 | 0.0780 | | ment: 
‘a TABLE 8.- —Desicn oF STEVENSON: CREEK Dam: Data FOR defor 
Hi 
Bs | the te 
2.00, 
+0.02 
is 2.00 0.07 
2.75 | 0.07 
4.25 - = 
50 +287 300 


irche 2500000 Ib. per sq. i 


— 2.000 009 Ib. per sq. in. 
= 


| INFORMATION FROM Dams IN SERVICE AND 


ments were e made pei periodically on the following fo four arch dax 
e with | a program | prepared by the Committee: 


Clea Creek ‘Dam, Yakima “Washington, S. Bureau 
Reclamation ; 


— 

} 

~ 

— 
starte 
— 

— 

a instar 

fornis 

¢ pany. 

n.; or 

i 
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Emigrant Creek (constructed in of 1924), Talent Trri- 
a gation District, Oregon; 


Dam No. 6, Big Creek Southern. ‘Edison Com- 


Tests were recently initiated o1 on three dams, construction of which was 


in the early part of 1927, namely: i 


Gibson: Dam, Sun River Project, Montana, , U. Ss. ‘Bureau Reclama- au of 

Run Storage Dam, City of ‘Portland, Ore. ; 
Coolidge Dam, Gila River, Arizona. 


a e experimental work is being conducted on several other dams, for 

ce, on the Shaver Lake Dam, Big Creek Cali- 

. fornia Edison Company, and on the Cutler Dam, Utah Power and Light | Com- 7 

: pany. _ Attempts were made at various times to test the Lake Spaulding Arch 7 
Dam, and the | Lake Eleanor and Lake Hodges” Multiple- Arch. Dams; but = 

7 ‘remoteness, lack of funds, and other considerations prevented tests from beh 


1aer 


In general, it was found extremely difficult to obtain satisfactory r a. 
‘ments of strains and deflections on service dams. ‘ Usually weeks or, months 4 
before the reservoir level changes suficiently to produce substantial 


changes in deflections and strains due to loads. ‘During the s same period, ‘the 


"deformations of the concrete, due to changes of temperature, or of moisture 
. content of the concrete, and to yielding under continuous load, may be of 


such magnitude ¢ as completely to. obliterate the strains due to changes 
the water load. For. or some dams the reservoirs do not become full ev 
¢ 


_* and for others they are never quite e emptied, so 50 that “ ‘full- load” and 
load” "readings within a reasonably short time cannot be o obtained. 


"thermore, it: vis difficult to obtain sufficient information the variation of 
the e temperature unless a large number of thermometers be placed in the dam. 


For service dams this is seldom practicable, especially for those from 50 to. 


aa ‘Conditions for tests are naturally much more favorable for dams in in which 


instruments: were placed during construction. Interesting te 

obtained from the Emigrant Creek Dam, in Oregon. — e The deflection me: meas- 

"urements revealed the fact that with the water level rising in the reservoir, — 


“the arch crest deflected up stream 1 ae the « quarter- points, and down stream 


Exisrine AND MULTIPLE- -ArcH Dams 
aad on existing a arch and moultiple- arch dams in the United States and 


foreign countries were collected and condensed - in n Tables 9 to 14. On some Py 


dams the data are fragmentary, and for other pen they may not have been 
included. Information w will be be welcomed by the Committee for use in subse- 


Teports. 
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YANCING AND CON STRUCTING THE 
EXPERIME NTAL AR CH DAM vies 
At a meeting of the Committee on Arch Dam Investigation held in din 
_&F raneiseo, Calif, December 1 1,1 1923, W. A. Brackenridge, M. Am. Soe. C. E., 
‘Senior Vice- President of the Southern California Edison Company, proposed 
the construction of a large arch dam wholly for experimental purposes. In 
behalf of that ‘Company, he offered a large contribution of funds, the use of 


“many facilities for "building and ‘testing the dam, and assistance in further 


financing. This proposal was by the Committee, Ww ith the “approval 


Vill 


ingineering Foundation. To a sub- -committee was delegated the detail 


the test of the Stever enson Ciel Dam, under the general s supervision of the 
in tee. ials, and by the organ- 


40 AND No CHANGE IN” 
ed 


SURFACE A 


THE DESIGN. 


1927, $115 500; aia: this sum 


To the writer was assigned ‘general charge of _the surveys: for. this dam 


FoR WA 


and of its construction. In the extremely precipitous canyon of ‘Stevenson. 

1 

Creek, tributary of ‘the San_ Joaquin River, in the: Sierr ra ‘Nevada, ‘about 

60 miles east of ‘Fresno, Calif., a site was found w hich h had 


2—A symmetrical, triangular profile for the dam; 


—A ve ery small reservoir, which could be quickly filled and emptied, 
involving only small consumption | of valuable time and water; 
n 


< 


Z 
Zz 
2 
< 


AND 


Freedom from possibility of damage to persons and property down 
stream in the event of the breaking of the dam; 


5. —Aceessibility for men and materials by means of a ond elie. 


Vax: mobile roads previously built by the Company for its extensive 
gonstruetion work, still in progress ; 

—Close proximity to the tunnel conduit of the Company (3 000 eu. ft. 

per sec.), from which water could be drawn at will; 


neta -Availability of electric power and light, construction equipment, — 


17%: materials, and » above all, trained men of all ranks, from laborers — 
7 


iyi. To carry at the experiment, the raising of af fund of $100 000 was cunder- 
After a year a half this fund amounted to 000 and as. 


TEMPER 


AND HORIZONTAL ARCH ACTION 


Ye SUPPORTED BY VERTICAL CANTILE VE 


Loap BETWEEN CANT 


FOR TOTAL WATER PRESSURE 


WATER 


DivistoN OF 


arious pe rae uments had been dev ised, methods 


e site had been begun. Excavation continued during the months 
with a a ‘comparatively small crew working under ag reneral specification that 
completed excavation ‘should give nearly as. practicable the desired 

sy 


ymmetrical cross-section Ww ith a of -break and 


tm 
— 
4 — 
& 
Wwe 
| Fi — 
| 
— 
q 
 - dam had been perfected, v — 
— 
— 
> ‘ 4 


» 


pag 


no dis ck below the excay To this end t | the 
plug and feather of excavation was used. = The final cross- 
section approximated very closely the theoretical section shown on the plans. 
A modification i in the original plans was made, when the excavation disclosed 
an natural seam in the rock which, after cleaning o ut for a width of about 


5 ft. became the logical location = & outlet tunnel, or under- sluice. 7 This: 


crete, , the top of which was 1 made to png to the longitudin: al profile of the 


‘The. excavation had | been n practically ; completed in February, 1926, when a 
severe flood occurred on the water-shed of Stevenson Creek and large quantities 
of | débris- were deposited in the excavation. — This caused a 2. temporary delay, 


e 
“bute after the passing of the flood, sluicing operations were organized, all threat- 


ening local material, estimated at 20000 cu. yd. ‘was sluiced from the adja- 


a : cent t walls of the canyon and a large quantity of water, turned out from. the 


Shaver Reservoir of California Edison Company, washed the 


- The placing of ¢ concrete began age 1 19, 1926, : and continued until June 4, 7 
when the last was placed, bringing the dam to a height of. 60 ft. . Ate each | 
concreting stage 5 ft. of height for the full len gth of the dam was built, but 
the placing was accomplished i in four horizontal lifts for each such 5-ft. height. 
a were no expansion joints and no reinforcing steel. Between the times 
of pouring one lift and its succeeding lift, the various instruments were placed 
4 in position within | the forms and numerous readings were taken of instruments | 
7 already located, , not only ‘to secure data while construction was in Progress, 
- but also to train the men in taking observations so that when the actual test- 


ing should begin the crew of observers would be competent to to carry out 


ane A 24-in. wood-stave pipe was installed to conduct the water of the creek 
4 across the top of the dam when not wanted. Two valves and a set of stop “logs 
set in the under-sluice. valve was 24 in. in diameter to permit 
a rapid unwatering of the reservoir, and the other, 6 in., to permit careful 
regulation and hold the water: at a predetermined ‘elevation during test. 
_ Seaffolds which did not touch the dam were built up stream n and down stream 


as to provide ready access to the entire area each face. stems of the 


permit compl 
The underlying rock is a fine- gray granite. same 
was used for the aggregate of the concrete, being taken from the dump of 


i one of the ‘Southern California Edison Company’ » tunnels, crushed, and 


4 


ed in an existing construction plant, and brought to the dam i in two 
sizes. The smaller was retained ¢ on a #-in square mesh screen, but passed a 


wil 
—_— having holes 1 in. in diameter. The larger was retained on a screen 
having 1-1 round holes and passed one with 2-in. . round holes. For sand 


tw was necessary tor use e the fine material from ‘the tunnel dump which passed 


the square screen. A washer, however, was installed and all such mate- 
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Fic. 6.—LOOKING Up STEVENSON CREEK AT TEST DAM, SHOWING 
TUNNEL ADIT IN UPPER LEFT-HAND CORNER. 
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rial was was 
was removed. average sample « of the that about 20% yas 


larger than No. 4 and that 5% was finer than No. 100. The. fact that gen- 
erally only the aggregate passing the No. 4 sieve is called sand should be kept 


in in mind when ¢ considering the amount of material herein classed as sand. _— 


The entire was made using» “Colton” cement, manufactured 
donated by the California Portland ‘Cement Company, of Colton, Calif. ~The 


ae. 


7 cement was received at the site of the dam i in the fall of 1925, when it was 
] 


expected that the concrete would be ‘poure red during the e succeeding ae months; 
but the w unav oidably delayed as 


dam ws as most desirable. With this end in view, special 
made for measuring the constituent. elements and the water-cement ratio— 
was very carefully watched. Likewise, the 1 time of mixing w as controlled 
‘carefully, the minimum time after all the materials were in the mixer being 
limited to 13 min. Some further mixing undoubtedly | occurred in the « chute, 
= total length of which was about 400 ft. from the outlet of the mixer to 1 the — 


terminus at the 60- ft. level. : ‘This: chute was lined with thin steel plate and 


was laid on a grade of. about 5 on 12. _ Below Elevation 20, ‘the concrete was 


_ placed in the dam directly from ‘the chute; above this elevation, by the = 
Forms were ‘made of ‘ship- lap lumber laid horizontally and held in position 
by _through- bolts, SO to maintain» the desired thickness of the dam with 
ninimom variation. he forms were 1 removed two to four weeks after pouring 
the conerete. 
‘During the ¢ construction and tests, a motion picture was prepared sup- 
“plement the Committee’s. report. Realizing that explanation of methods and 7 


description of conditions would. thus be. illuminated, about 2 000. ft. of 
were” exposed and have useful on numerous occasions: at gatherings of 


technical “men, including several meetings 0 of the American Society of Civil | 
Engineers, where the | picture has excited great interest.* - 


= -* A copy is available on a rental basis, or copies may be cmauiaail on either the 35 mm. 
or the 16 mm. size, by application to to the Director of Engineering Foundation. 
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dams aaa ‘leat ‘with the expectation, that it would be an important ‘step 
in establishing rational standards for their design. ~The site had been chosen, 
the dam had been designed, and its construction pa testing had been partly 7 


financed when, in 1925, the National Bureau of Standards was: invited an | 


operate with Engineering Foundation. About December 1, 1925 , the 
writer Sead charge of the experimental work, as representative of the Bureau a 


of Standards. At that time rock excavation for the foundstion was in | 
‘Progress, The dam was constructed during ‘the spring of 1926, and the 


as tests occupied the latter part of the summer. % The reduction of the = 


and the 1 preparation of this ‘Teport have been carried out in Los" Angeles, 


‘the dam, which carried out by the Department 4 


of the So outhern California Edison Company. = Special care was ‘taken to a 


secure exactness of dimension ns in excavation and construction, and uniformity 


ins strength o of concrete a and in the curing of the completed dam. — nell 
it m may never be possible in practice to build a dam as and 
true to the designed dimensions, the ‘uncertainties which would have entered — 
the results if the ordinary Timitations of f construction had been allowed 
control, wor would have been so great that ‘neither practical nor ideal 
would have been secured. However, the employment. of methods approaching 
_ the i ideals of design, should not be lightly dismissed ; as impracticable e even in 

general construction. In the m making of good concrete the | past few years have 
noted marked advance because exact methods have been used which a 

years would have been rejected as impracticable. It is not improbable 

that similar efforts extended to ‘other features of ‘construction would produce 7 j 


(a —General Description of Test Dam. —In Fig. lis shown the plan, ne 
tical section, and developed vertical surface of the dam. . The maximum angle 


between the radii is 80° 87’, at the 60-ft. elevation. ‘The abutment 
ie on the developed ‘surface are straight and have an inclination of 45° 


from th -ft. down to the 7. 32-ft. elevation. At this lower elevation 
abutment line is tangent toa a circular care of 25- ft. radius, v which forms the 


ss * Publication approved by the Director of the Bureau of Standards, U. S. pt. 


i + Chf. of Masonry Construction Section, National Bureau of Standards, Washington, D. Cc. 
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DAM INVESTIGATION 


oA etal widial section any where in the dam shows for the down- stream 


oo a vertical straight line down to the 30-ft elevation, at which point it is 
> a wares are of 84. 568- ft. radius, which forms: the lower profile. 


The thickness is 2 ft. from the top down to the 30- ft. elevation, below which 


it increases by te ordinates to the circular are, until at the bottom it becomes 7 


5 5 it “This gives 8 a constant thickness for all parts of any horizontal element: 


The under-: (Fig. 8) is ca capped by a slab, having an average thickness 


of “about 4 4 ft., reinforced heavily with steel rails. . Observat ations during the 
— tests indicated that ‘this. slab was as stationary as any other part of the foun-— 
dation. The throat of the > under-sluice- (4 by 6 5 ft. ) was provided w with | 
“stop- logs which could be removed when i it was d desired to let all the water pass” 
the dam. — However r, even with: the _stop- -logs out, a a heavy storm during the 
of 1926-27 caused the to up and the reservoir to 

to the top of the’ dam. Bee, also, re 


Procedure in Construction—The excavation for the dam 


21, "Profiles along ‘the up- -stream face he are given in 


1. The dotted line shows the original profile of the rock. The profile of 


; the final excavation is shown as a rough, s solid line. | ~The: theoretical ‘profile - 

of ‘the dam is show: n by ‘the lighter, smooth line. During ation some 
rock below the theoretical profile of the foundation was loosened. loose 


rock was: removed and wherever the variation: from 1 the profile appeared | to be 
of importance, the cavities were filled with conerete, several days before con- 
struction reached these points. | The ‘concreted portions 0 of the over-cut, also 
the s sli ab over the under-sluice, ; are shown in Fi ig. 1 ar, ee aes 


The slab over: the under- (Fig. concreted on January 25. 


Storms immediately following caused much and delayed the progress 


nearly two months | before the concreting the dam began. During the 


“construction of the near- by water tunnel a waste dump of tunnel muck had 
been deposited on the side of the canyon. The storms washed the fine material © 


"from tl the tunnel muck, thus dislodging larger rocks, which, in turn, , did much 


Efforts were made to protect the work by means of heavy barricades, but 
these 1 were ineffectual and, finally, it became necessary to remove from above 


pi dam site almost the entire bank of tunnel muck. U sing a 4-in. stre eam 

water under read ‘of about, 100 ft., about 20.000 eu. yd. of rock were 

at 

washed down. This’ stream not sufficient to do than to wash the 

rock: into the bottom of the canyon. Fi rom there it. was “dislodged by a flood 

of water produced by opening the gates of the Shaver I ake Reserv oir of ‘the 


Southern California Edison ‘Company on March About 840 acre-ft. of 


less than 2 hours, ‘effectually cleaning out 
+ vater : passed down the canyon in les 3 th n 2 hours, effectually clea out 


= 


the bottom of the canyon and elearing the for construction. 
creting of the dam proper began on / April 19. A lift of 5 Tt. s added. ev very 


three « ‘four’ until June 4, completed height of of 
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M Materials.— —Colton cement was used for the dam m and Monolith cement 


= 


for the tower foundations. When it w was expected ‘that, construction would 

begin in’ the fall of 1925, the supply y of cement was 1s shipped. . The Colton | 

cement was received at Big Creek on October 12, 1925, and immediately placed 


4] in a cement storage house at the site of the test dam (Fig. 9) ). Owing to the 


“delays mentioned, the cement had been i in storage « about six months before _ 
“began. Examination of several bags of cement showed a con- 


siderable number of lumps. It is probable that they wer were due entirely to the | _— 
= of time during which ai cement had been in storage. Although it was 


have some effect. " However, a good concrete of ‘uniform strength was 5 secured, 


aggregates “were of three sizes, all of crushed granite. 


| aggregate was divided into two sizes, that which passed through a screen with — 
2-in. round holes and was retained on a screen with 1 1-in. round holes, and j 


that which | passed a screen with 14 -in. round holes and wa was retained on 


sereen with 3-in. square holes. s. Sizes of 2 in. and 1 in. “were ‘not included in 7 
esx set of Tyler sieves used in making analyses of the age gregates. Hence, 
The fine aggregate was taken from that which passed the $-in. screen The 


unwashed aggregate passing the g-in. screen contained about 26% of ‘material 

finer than the No. 100 sieve. . This was believed to be much too fine, so this” 

“aggregate was washed to ‘remove some of the fine ‘material. “Fig. 10 gives 
= sieve analyses’ for all the ‘aggregates, including the fine aggregate, both 


7 before and after washing. __ While the purpose of the washing was to Temove : 


the material finer than No. 100 sieve, considerable quantities coarser ‘than 


‘that sieve were removed also (Fig. (10). Table’ 15 gives | the sieve analyses 

of the aggregate on successive days” of f pouring concrete. In considering the 

gradation of the fine aggregate, tests \ were - made at the University of Cali- | 
iY fornia to determine whether the large amount of fine material would cause 

considerable shrinkage in the concrete. Results to” to about three. weeks are 
shown i in Fig. 10 and explained in Section 10. 


5.—Measurement of Materials for Concrete-—The were propor- 
oned by - volume. The cement was: measured in in bags: assumed to contain 


Z cu. ft. each. Medium and coarse aggregates were measured i in hoppers and 


ne aggregate and water were measured i in a Blaw-Knox inundator. For the 
} purpose of proportioning, the weight of the fine aggregate by loose measure, a 
: a exclusive of moisture, was taken at 91 Ib. per cu. ft. _ The weight of the ‘medium 
| size was nearly the same as as that of the e coarse a: and the mixture of the two. by + 


loose volume, exclusive of moisture, w was taken at 93 Ib. per cu. The 


results of several weighings under different conditions of compactness are 


1 Ae Hoppers for measuring the medium and the coarse aggregates were provided 
z by 2 arranging the lower parts of the chutes from the bins so that filling them : 


i a predetermined elevation measured out a known’ quantity. At the bottom 


of the chute a hinged gate permitted discharge directly into the batch hopper, 


which was mounted on a car for hauling to the mixer. The: upper part. of the 
hopper was toa small cross- -section, secure accuracy. The 


ie 
a 
= ~ 
(| 
&g 
‘ 
ag 
| 
= 
» 
| 
— 
| 
f 
— tm 
| 
— 
— 
| 


: 


ROWS a 


=> 


Aver 


on 


FSRESHESSS 


bad 


"SRCSSSSSS 


= 


100.00 
7.49 


7.58 


Qnrowrs 


SHAT 


= 


TAINED ON SIEVE. 


RE 


Bit 


s* 
| | 


ig sieve 


ons 


50 


SSESRSE Sse oom 
| 
REF 


M 
a 
< 


YS. 


than corre. 


| 5-4 


SIEVE AN 


S 


—_ 


Percent coarser 


& 


| 4-28-26. 
— 


S 


= 


— 


— 
8 
90 
| 
= 
4 
ie 
| 
TR 
me 


the capacity of the hopper was based o on w tests made in 


During | g constru iction additional weighing tests were on the 7 


medium and the coars - aggregates from one batch during each day’s run. J 


16.- _w HTS per or V OLU ME OF AGGREGATES FR com Biss 
all | Measurements Were Made with Cubical Wooden “Measures, Generally of 


u. Ft. Capacity, but in a Few Cases al 0.5 Cu. Ft. C Capacity 


Wetcut By MEAsuRE, IN Pounds PER Foor. 


rival 


The adve antage to be expected from use of the inundator i is uniformity of 


quantities of both sand and % water ; ae series of tests carried out in 1922 at 
3ureau of ‘Standards* on the reliability of the indicated that 


reasonably close control of both water and sand might be ‘secured. ai aT 
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 6—Mirxing and Placing | L 
| d-yd. Ransome mixer about 25 ft. beloW 


4 is about 250 : above the base of the dam (Fie. int . From ‘the 1 mixer it was 


1 ‘vertical to 2.5 5 The stiffness of ‘the: mix was such ‘that the con- 
would just flow down this slope. This was was controlled by the standard 


: 

7 in. n. The ‘conerete was as carried i in this chute t to te approximate elevation of 1 
-_ ‘top of the dam. For the lower 20 ft. of the dam, the concrete was carried ~ 

o its final position ‘through auxiliary chutes of still greater slope. For the 


ae of the dam above the 20-ft. level, the conerete was s chuted to the « eleva- 


‘tion where it was to be used and there distributed in buggies. 
Construction Joints.— —There were no vertical construction joints i in the 


a “Horizontal joints were necessitated by | the fact that it was not prac- 
ticable to p pour our the concrete continuously from the bottom to the top of t the 


4 


of about 5 ft. and were located pomeery in. . below 1 the even 5- ft. contours 


These locations were determined by the fact that large numbers of strain- 


a gauge, telemeter, an and clinometer stations is were located at the 5- 5-ft. contours, 
and it would se undesirable to have them intersected or disturbed by con- 


: struction joints. — These locations also permitted covering the instruments or 


‘4 inserts shortly after ‘the beginning | of the day’s pouring, 2 , and left them free 


disturbance while placing the remainder of the concrete. 


. Tn general, about four days | elapsed between pourings. During this avd 


was toa of 1 in. by means of sharp-pointed tools 


an air- “hammer. The loosened material then washed away and the 
excess water blown « off by an air-hose. This” operation was performed in 


"evening preceding the morning when the next concrete was to be placed. At 
time all form work for the 1 next pouring had ‘been completed and all 


instruments except | the telemeter cartridges: had been 1 placed. 


mic The surface so prepared v was clean, rough, and composed of sound sii. 
a ‘After the concreting operations began on the following 1 morning, the surface 


had usually dried to the extent that additional moisture appeared to be needed. 
This was furnished | by s} spraying water up upon . the surface in sufficient quantities: 
make it ‘Moist, but standing wa water was as far as possible. The first 


two batches from jhe mixer were of. mortar. On top | of the mortar the con- 


~ erete was deposited to a depth of 15 in., and as the concreting proceeded from 
one end to the other, the mortar was crowded ahead, furnishing a bed all 


along the construction ‘Joint. Thus a any chance excess of water was crowded 
out of the depressions. This procedure was carried out carefully an and appeared 


very effective in producing good construction joints. 
A lift of 15 in. of concrete was thus placed from end to end of the dam. 


nae lift was started at such time that at all points s the concrete ¥ would 


. ae at least an hour for some set to take place between lifts. _ Ordinarily, 
one day’s pouring consisted of four such lifts, or 5 ft. t total. In the second 


Pouring from the 3.2 to 9.5-ft . elevation, an exception was ‘made; less 


Was allowed between lifts, ; and there resulted a slight bulging of forms. — This 
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bulging appears in the greater divergence, shown in Table 17, between a 
and measured thicknesses of the dam for the second, than for any other, 


"pouring. there the maximum was 08 ft. 


TABLE 1 11 7—THIcKNEss AT Foor 


Construction Jom TS, Greve: ENSON Da AM. 


‘Date oF Pouring 6 6| 6-2-26 4-2 
Nominal Elevation Ft. 575 | 60. 33 
Nominal Thickness Fi. | 2.00 2. 2.00 2.00 
Siation 


[Thickness at Nominal Elevation 
Station 
|Height of Concrete 
Thickness at Nominal Elevation 
of Concrete. 4 
| Thickness al Nomina! Elevation 


Station 0| 0+40.0 
—|Height of Concrete or | 34.33 


THickness: at Nominal 2.00 
0+50.0 : 0+50. 


2.01 


Station 0+60.0 60.0 | 060.0 
Height of Concrete | | 2440 | 2002 | 3431 | 3818 | 4400 | 5380 | 57.80 | 6037 
al 2.591 217 | 199 | 499 | 200 | 1.99 | 2.00} 2.00] 2.00] 200 
0+694| 0°70.36| 0°70.36| 07036] 0470. 70. "36 [070.36 
Height of Concrete | AMS | 02 | 34. 
AA2 


. 
Height of Concrete re 340 14.20] 19.13 | 24. 29.05 | 34.32 | 39.12 \ : 60.37 
Thickness at Nominal Elevation 58 00 J 


Thickness at Nominal Elevation 


60.37 
Thickness at Nominal Elevation _ * 6.33 


Station | O+8 0+80.0} 0+80.0} 0+80.0 | 0*80.0 | 0+80.0 
Height of Concrete = 956 | 14.20] 19.20 | 2435] 2904 | 34.28 | 39.45 
Thickness at Nominal Elevation 2.15 1.99 2.00 | 2.01 


Height of Concrete | | 9 2440 | 29.11 | 34.35 | 39.23 
Thickness at Nominal Elevation _ 2.01 Ol 2.00 


Station 


1+00. 1+00.0 | 1+00.0 O | 

Height of Concrete —? ; 20 | 34.38 | 39:19 | 4385 | 4890 | 53.70 | 57.75 | 6034 
Thickness at Nominal Elevation 2.00 | 2.00 2.00 2.00 2.00} 
Station 

Height of Concrete 
Thickness at Nominal Elevation 
Station 
Height of Concrete bs 
Thickness a? Nominal Elevation 


|Height ef Concrete 
[Thickness at Nominal Elevation 


Station 
_|Height of Concrete dues 
[Thickness ai Nominal Elevation | 


iol * Widths as shown are measured at actual height of concrete. Top of concrete at 
Station 0 + 58.0 is approximately 0.15 higher, and at Station 0 + 86.0 approximately 0.15 
lower than at Station 0 + 69.4. All dimensions are in feet. Stationing is on 100 ft. 


and Foe Removal.— — ~The form ribs, 2 by 12 i ‘in, , were horizontal 


rib to 1- ship- spanned the studs ‘horizontally. 
the up-stream side the studs were 16 ft. long, hence were continuous ¢ across” 
‘Supporting ribs. On the down- “stream face the forms built: up as the 
construction progressed, that is, 5 ‘ft. at a time, hence the studs were simple. 
beams from rib to. rib. During construction, that i is, 3, up to June 4, the forms 


Were left in place four weeks after the pouring | of the concrete. At that time 


a change i in the program was ‘made i in order to hasten the work, and all —_—— : 
which had been in place two weeks or more were removed 
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forms were removed wi venever they had been in place two weeks, thus com See 
Specimens. The control specimens for the compressive strength 
of concrete were made > regularly duri ing the concreting | operations. The 
results of the tests are given in 1 Table 18. = These s specimens were 6 by 12-in. -shipp 
cylinde rs and wer d follows: each day y of placing concrete 
twenty- four cylinders were made. Bight cylinders were taken from each of ratio 
“the first three 15- in. lifts of conerete. the’ fourth (and last) lift, 
specimens “were ‘taken. Of the e eight “specimens taken from any lift, deter: 
_ first four were from one batch and the other four we ere from another batch. _ those 
These | el eigh t specimens Ww ere re numbe ered consecutively, begi inning with the num- , ing. 
ber 4 following a multiple of eight. For example (see Table 1 18), for the third first ¢ 
«lift p laced on April 30, , Specimens 89 to 96) were taken . Specimens 89 the 
were made one batch and 93 to 96 were made from another begin 
‘The specimens having obi: were damp sand at tem- pouri 


perature of about cent. Fahr.) in a curing room the adit to 
rT 


| Water Tunnel No. 3 3 of the Southern California Edison Company. The t tem- 
perature i in this adit was vas very nearly” constant, but artificial heat was requ juired 
toma make it high enough for proper curing of the Specimens. The tempera a 


ture at all times was recorded with an | autographic thermometer. The speci- 


mens having « even ‘numbers w ere stored at the dam under conditions as nearly 
those of the curing of the d dam appeared feas sible. Of each eight | 


on any” y one day, the first were tested cat seven days, 


_ last two are ‘being held for | tests. J speci 


. i224 Some exception to this procedure has been made é due to the 1 fact | that t cer 
i” et 

tain specimens were sent to the U Iniversity. of California, at Berkeley, for the 


determination of the -modalus of elasticity, as will be detailed hereinafter. Were 


During the: construction of the dam a beam 42 in. square and 8 ft. long from 


was made for determining the modulus of elasticity. OA known | load was | 


applied to ‘the beam. ‘The deflection ‘was measured and from rok 
eleve 
were cured at. the site of the “dam: along» with the ‘other control cylinders 
taken from the dam. These cylinders were Wea: 281 to 288, inclus sive, T able 1 18. 
A \ hose carried to the test beam was so connected that when water was s turned —(89-ft 
upon the dam it was turned upon the beam also. toe 
June 16, “twelve days after the completion of the dam, two sacks of 
were mixed together from the mixture seventeen 2-qt. pails were 
filled and sez saled thoroughly with solder. At that time the cement had been ran 
an in the construction warehouse since about October 12, 192 25, or approximately — tion 
eight months. It was already about four old at the time of placing man 


the warehouse. These: ‘samples were for the purpose of future study 
os occasion should arise and are stored 2 t the ] Materials ‘Testing Li Laboratory Bors 
of California. "Bight of the cement provided 
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o the U niversity for u use in the tests of concrete e made 


‘with sinaler mater als and of the same proportions as those that went into 


“the dam. These verte were planned i in May, 1926, but owing to lack of funds, 
were postponed. ‘This, cement was kept in a dry y place a all summer 


ge ‘10.—P ~Proportions: and Strength of Concrete. —P roportions and water-cement 


ratio. for the conerete the different days of “pouring are shown je 
18 and 19. Table 18 gives also. the strength and slump of the conerete as 


- deter mined from the test specimens. 1s. The proportions given in this table are 
“those determined by weighings made on one batch during each day of pour- 


ing. results of these we eighings are shown in Table 19. Except for the 
“first, and the last | two days the proportions were approximately ‘Within 


same period the ws ater- -cement “ratio varied from 0.87 to 1.03. At 


beginning of ‘construction the proportions were aimed to give a 28- -day 

of 1: 800° Ib. sq. in. Before the time came the second 

"pouring it “was found from tests of 6 by 12-i in. cylinder s specimens s that the 


proportions used on the first day gave a strength of only about Ib. per 


* in . Accordingly, the proportions were changed and the mix decided upon 
was used until at the 54- ft. elevation the supply of cement became exhausted, 


and a new supply of Co Colton cement was used for the remainder of the con- 


__ From the data of ‘Table 18, Fig. 11 \ was prepared to show the —s of 
the curing- -room sp specimens distinct from those cured at the dam site for the 


three different: ages, and for the various heights from which they were taken. 
It shows also ‘the ave rage of of the strengths for all. ages. . The st strength of the 
specimens from the first. “pouring” was markedly lower than from any other 


pouring for each age. | This i is evidently — to the fact that a leaner mix was 


used there than i in all ‘the portions: above it. For the “most part, the e strengths 
were with the exception the lowest specimens and those 


The lack of the specimens near the top ‘of the dam is 
“probably due in some manner to_ the change in cement at about the 54-ft. 7 


elev ation, The strengths: for the 52-ft. elevation | ‘represent the last of the aan 
“cement in in ‘the stock pile, and it is ‘not unlikely that it came largely from 
“the outer portions of the pile where the greatest deterioration should be ex- 
pected, with a correspondingly low strength. The . strengths for the 56 and 
‘ft. ‘elevations represent the new cement, and although an effort was: ‘made 


to change ‘the mix in “such a way as to hold ‘the strength constant, it seems 


evident that this was not successful. mark¢ ed similarity ¢ of form is to be 


en through: all the sets of specimens: sand that they represent a actual va 


manipulation 


28- day tests an. average strength about 2.000 


ora ra ‘little more than 10% greater than the designed strength of 1 800 Ib. 
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or CoNcrETE Mix, Strrene TH, AND Stump, 


STEVEN: EEK DAM. 


NOT YET TESTED 
Slooenere! CURED IN DAMP SAND | CURED AT DAM [CURED INDAMP SAND] CURED AT DAM 
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TABLE 19-—Dara or Mix, 


da computing proportion b by volume 91 Ik lb. of sand and 93 Ib. of crushed stone, "4 
~ exclusive of moisture, ‘were each assumed to give 1 cu. ft. loose n measure. a 7 


| 2 MOMSTURE SAND CUFT. 


MOISTURE 96 TO AGGREGATE” 


TOTAL WATER PED BATCH 
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at which places the cause variations in strength is well “understood, 


the uniformity seems to be very good. _ Excluding the first pouring, the aver- 


_ age strength at | the age of 3 months was about 2 / 800 Ib. per sq. in. B By aver- 

e: aging the strengths for all ages, s, as shown i in ‘Fig. 11 , the | effect of accidental 
variations is reduced to a minimum. F Therefore, this average strength curve __ 


ALL 


| Average for all ages. 

| 


+--Cured at Dam Site 


Yevation above bottom of dam, fe 


| 

Hoke 11. 11,—STRENGTH OF CONCRETE AT VARIOUS ELEVATIONS. yi 


= i —Thickness « and Alignment of Dam. .—The measured thicknesses of 


the. dam at various | heights and the elevations of. the e construction joints a are 

_ show 2 Table 17. The day after each pouring, except the first, the eleva- 
tion of the top of the « concrete was determ mined accurately at each even 10- ft. 
station along the dam, and the distance between up- stream and down-stream 


S 


forms was measured a at these stations. os hese measurements were taken at the 
ft. elevation and | thereafter at even: ‘5-ft.. contours to the top of the dam. 


| 


These ‘distances, it is believed, may fairly be taken i as ‘the thickness at a i 
contours, although has concrete was usually from 5 to. 103 in. below the ooatee 


For, the first pouring, the > thickness was determined at the surface of the — 


eonerete. exact elevation at the points at which these thicknessés w were 
was not determined, ‘and, due to the taper, slight variations in 


a thickness would accompany the variation in level of the top of the concrete. . 


is sufficient to account for the thickness at the average 


elevation n of 3.2 ft., shown in Table 17. sill 
variation from the designed thickness (Table 17 ) was generally 
_ More than ai in. In on one instance (at the 10-ft. elevation) ‘the thickness was a 
in. too This was, the greatest, variation found anywhere. In that ?. 
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the height of the ‘eonerete was increased 6 ft. in 

1 day, and this may account for the greater variation i in thickness at the 

10- ft. elevation than elsewhere, since less" time than usual elapsed between ; 

*1 the pouring of the successive 15-in. lifts. “it These thicknesses were measured | 

at approximately the elevations of the form ribs, which were 5 ft. apart. 


was tl 


; Measurements taken at the 37. 5 ft. elevation showed a bulging of the le egeing ion 
between the form ribs of about 


was k 
the 


order 


ie has not been possible to determine accurately the movements of the 
dam at each « elevation, _ beginning with the time immediately after the pouring 
of the concrete. ‘Theodolite readings v were re taken on the morning after each 
_ pouring, , for the purpose of comparing the location “ef the up-s -stream face of 


&g = dam with the position required by the design . Of course the theodolite 


readings gave no ‘information on the : amount of deflection a after the ‘concrete 
was placed, because they did not distinguish between deflection and error of 
placing . Generally, th the up-stream form: was placed that at the top of a 


t new litt it was about § in. down stream from the position called for by the 
design, while the down-stream form was placed specified by the design. 


“ If the theodolite readings showed _ the up-stream face to be i in the position 


called for by the design, it t indicated a spreading of the forms, 
The first « clinometer readings were taken when the dam was 15 oe high. 


"Thereafter the first re ading on any 5- lift: concrete taken on the 
morning after: the > lift in question had been poured. However, since e the 
highest clinometer bracket. was generally. about 4 ft. below the construction 
joint (temporarily the top of the dam), the histiest- ‘sjiiieats. at this elevation 
represent, , principally, deflection of the portion of the dam below the top | lift. 


It was, therefore, generally five days or more after a given lift of concrete 


poured before. the first reading was available which would give | -informa-— 
¥ tion on the deflection within the upper 4 ft. of that lift. Before this period 


had elapsed, ‘the chemical heat of the concrete had been developed and dis- 


appeared, and the clinometer readings would be of no value in interpreting 


o A study has been made to determine as nearly as vdaithie ets the clinom- 
‘yeadings: and the measured distances from the concrete, to the hole 
bracket: and from the | hole to the ball on 1 the bracket the ‘actual posi- 


tion of successive ‘points: on the down-stre 


above bottom of dam, | 


Lk 


ream face of the dam during the 


"construction period. In Fig. 12, giving the results of this study, the 


ments are shown for successive days at various elevations. No reason appears 


- for thinking that there was an appreciable deflection of ‘the dam, either up 
stream down stream, during, ‘the construction period, except. changes" 


n temperature may have caused it to move either way temporarily. nee Apa 
:12.—Curing of Concrete. retaining the moisture in the 
forms were left in place minimum of 14 to ‘maximum 
of 32° days. _ (See Section 8. For the lower 30. ft., forms were wet with | 
hose three times” a day. In spite of these precautions, a separation of the tion 


from the foundation at an “elevation of about 12 ft. was observed. In 
that more water would 


prevent shrinkage, which seemed to be 


responsible for this separation, a pipe saad at interva als: of about 18 1 
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was carried the up- stream, -and another along the down-stream, f 


for the full length of the dam at approximately | the top of the conerete. As s 
the height of the concrete raised, the pipes were raised. The water: 
then kept flowing on ‘the: forms all night, and at such 1 times the 


day as not with construction 1 operations and instrument 1 read- 
ings. These pipes were first used the 35- ft. elevation. After completion 

of the concreting, | one ‘pipe was” placed on the top of ‘the dam and the water 

was kept flowing wheneve er it did not ‘interfere with the work, except 


in the latter part of June the water was discontinued for about 7 


5 order to determine the effect on the dam of a certain amount of em. 


V 
= 


(a) to (e) show 


+05 
a 
12.—Posrrron oF Down- -STREAM oF Dam, June 5, 1926. 


Testing of the test was fundamentally to 


determine the distribution of the load. All measurements of strains and 


deflections | were aimed as. directly possible at g giving information on this 
subject. In addition, some information on ‘shrinkage and temperature | effects = 


ai 
if 
* 


= 


Was ‘secured. — All the ‘measurements taken 1 may be grouped under four head- 
rer 
ings: Deflections, strains,* change i in width of cracks, and change i in tempera- 
> ge * Wherever in Part IV the word, “strain”, is ry it denotes a change of length per unit > 
of length. The expression, ‘‘temperature strain”’, where used refers to expansion or contrac- 
_ tion due to temperature change. The expression, “total strain”, denotes the total change of 
_ length within the entire gauge length or whatever length is under consideration. - Wherever 
the word, ‘stress’, is used, it designates intensity per unit of area of the internal force. 
This usage is consistent with the recommendations of Committee E-1 of the American 
Society for Testing Materials, see, Proceedings, Am. Soc. for Testing Materials, Vol. 23, 
Pt. 1, p. 937 (1923); also, Vol. “} Pe. 2, Pp. 879 en ie: measured stress is meant the 
stress computed from the measured strain. ee 
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—Generat Procedure. construction, accurate observations 


of the cement and the strains j in the concrete. Deflection: 


of the dam also v were e observed. — _ During the subsequent curing period, measure- 


"ments w were taken to det ermine the effect of changes of ‘temperature and 
These measurements were taken 


_ even a few ‘minutes apart was affected by the condition of shadow « or sunshine | 
4 at the station under consideration. _ This made it evident that for | 


tests | it would be necessary to take readings | at such a time that a uniform 
temperature would prevail over r the entire dam and that comparatively little 


change would take place during the time required for. making the test. An, 


ms f such condi revailed only h 
Spproximation suc conditions prevai e on y at nig t. 
e. The wiring and other arrangements for the lighting system around the » dam 


were completed on J June 22, 1926. 7 From June 24 until the conclusion o of the 
oe testing program, in n September, 1926, practically all observations on n the dam 


taken at or in before the sun had risen 


June 30 and July 3. The whe lod on 12 ‘and was on 
September 23. Usually the observations extended from about 12: :00 P.M. to ; 


7:00 or 8:00 M. (See e Table 20.) The temperature this portion 
the day was as W ill be seen from 47. 


OF WATER, TIME OF TAKING READINGS (MORNING, EXCEPT AS 


readings. | readings. f 


Load. 


‘30 


j 


285° 


rain- Gauge—The strain- “gauge used is a variation from the Berry 


iaonaieh Before deciding « on the type and the length, a 7 study of strain- 


instrument. 
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gauges was made. It might be expected that the 20-in. gauge —s would — 
give greater a accuracy 1 than the 10-in. length. | The , total : strains to be measured ; 


in 20 in. would generally be greater than i in 10 in., and if the total errors are_ 


the | same, the percentage of error Ww would be correspondingly smaller. It was” 


found, however, tl that the ‘ingrease of error due to the greater difficulty, of 
handling a longer instrument was sufficient to over- -balance the advantage. a) 


For this reason a 10-in. ‘gauge length w was selected. “Fig. 13 isa diagram of this ae 
: instrument. principle upon which it is that of a parallelogram 
ow ith one leg of the instrument attached too one corner 0 of the parallelogram and 
the other to the diagonally « opposite corner er. The two sides of the ‘parallelo- 
gram are Ci connected by short- leaf springs, flexible enough to permit the neces- - o 
sary mov nent and to serve as hinges. The idea originated with Mr. 
Ww hittemore, of the Bureau of Standards, who, | at the request of the Committee, { 
_ designed and constructed one for its use. _ The final design of the instrument, : 4 


_ shown i in F ig. 18, was worked out by G. S. _ Binckley, M. Am. Soe. C. E., a + an i 


ber of the Sub-Committee on Test Dam. The strain- sites nmi anil from 
invar steel having» a coefficient expansion of about 00000021 per degree 


“centigrade and were so mineral as to compensate to a — extent for the | 


‘lila: of temperature changes. 


Stee! gpring approxinaley thick 


Pa - ‘The error of a reading with the str ain- gauge may be said to be made up - 
error inherent in | the: micrometer gauge mounted it the of 
“of observation with the strain- -gauge as a whole. Owing to the difficulty of 
manipulating th the strain- gauge So as to d duplicate readings on any gauge | line, ay 


a the latter error is more than merely th that of reading the dial on the gauge. leas) a 
In order to deterniine the error inherent in the micrometer, an an 
gauge which formed the micrometer of one of the strain- -gauges used in the test 
was calibrated at the Bureau of Standards. In this calibration it ‘was found | 


that: there were errors at certain points in the travel of the instrument which — 7 
were larger than those at other points. The calibration curves for selected 


' portions of the range are shown i in Figs. | 18 3 and 14. ‘The curves showing the - 


| total error are not drawn through the observed points, but have > been smoothed 
: out by connecting averages for pairs of consecutive points. This is sjonided 


: 
of 
rm 
An 
the 
am 
of 
10 
15 
80 
15 
45 
.—l 
— 
i 
rain- 


ARCH DAM INVESTIG ATIO 


the ground that in calibrating the , the readings were taken 
epee nearest 0. 0.00001 i in., whereas the gauge - is graduated only t to 0.0001 in. and 


Par of the error must hej in estimating t the reading and this is allowed for : eac! 


by drawing the curve through the averages for all p pairs of consecutive values. — con 
The method used for correcting the error of reading the Ames gauge is a 


trary, but it seems to give reasonable results. - The use of individual values | 
instead of the modified curve would give a nanny percentage of error for 


“Fig. 14 almost four times as. great, and for Fig. about twice as great, as 


- 


¢§ 


Micromete, 


2 


Screw Micromet 


ob 


on Ames 


on Standar 
N 


i ‘Fie 
J er a basis for determining the ; percentage age of | error, average and maximum 


values of. strain are here introduced. The : strain of. 0.00005 is about the 


average value observed during the test; the largest were not often | greater than 


(0. 0004. ‘The total s strains in n 10 in. a. for the t two cases would be ten times ae 


values. 
the average | total strain pi two and one-] “half times the maximum. It seems 


" fair, then, to assume that the calibrated range covers the largest errors likely 


ni he percentage of error for a strain. of 0. 00005. 5 at various positions in the 


range of the gauge is shown in ‘Figs. 14 end 15. For strains larger than 
00005, the of error w vould, in all cases, be small er than that shown. 
q eS For strains smaller than 0.000050, the ‘percentage of error may be larger than 
4 that shown, but it As not likely to be much. larger. . As shown i in n Figs. 14 and 


: — the maximum error for a strain of 0.000050 was about 10 1 per cent. . For 
strain of 0.00040, the the maximum e error from: ‘Figs. 14 and is found to 


1 
| 


error of streams 


an iy flim order to determine the portion of the error due to inability to repeat 


readings on a given gauge line, —* gauge lit lines were selected for a : study. 
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readings used were taken in the course of carrying out Load Tests 11 


igs each gauge line for _ 


wh test ry the error of mean of the two ‘readings: was 
- computed. | 7 The probable error of the mean of two observations is 0. 954 v, in 


4 which, v is the variation of either reading from the average. This is so close 


to the value, v, itself that the ant, has been the 
residual, v, has ‘boon used as the probable error. 


| 


vitae —CaL LIBRATION CURVES FoR 0.0001-INCH AMES GAUGE MICROMETER | 


FROM 0.150 To 0.160. 


~ 
ait 


g magnitude pes plotted for each of the three | observers for Tests iW and 12 in 4 


— i Aug 16. The range of errors is about: the sa same for Test 11 as for Test 12 ‘and 


the the errors for the three observers lie reasonably close together. ews Soo 3 
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Fic. 16. -—PROBABLE | ERROR oF AVERAGE READING WITH STRAIN -GAUGE. 7 4 ; 
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deed. from coh other by more than this amount, additional 1 readings were 


taken until two consecutive > readings agreed within 0.¢ 0001 in. | ‘The variation 
of either of the two readings from the : average -eould not then be greater than 


0.00005 in. _ Dividing by 10 (the gauge length) to reduce to terms: of strain, ‘it 


will be | seen that, no error in strain could be found in Fig. 16 greater than 
0. 000005. _ Evidently, the number “gauge” lines” selected for this study 
(twenty) is just: about sufficient to include the e maximum e error of 0.0001, since 
this error is not ‘repeated i in these figures more often than other errors. ‘Taking 


‘the: maximum ‘error in n strain a as five millionths (0. 000005) this i is ; found to be 


maximum strain of millionths (0. 000400). 
In the foregoing paragraphs, the maximum error of the Ames gauge and 


the maximum error of observation with the strain gauge have each been found 
to be 10% of the ) average strain | of ‘fifty millionths (0. 000050). . The combined 


nately and 1.25%, , respectively. . Taking the error as 
the square root: of th the sum of the of these errors, gives: ‘approximately 
1.1% of the maximum 1 strain, 
16.- —Reference Standard the strain-g gauges 
_ were for due to change of tem- 


r standards were 


10-i -in. gauge A ‘third bar was vas constructed with invar steel and 
— and the parts combined in such a v way that the expansion 0 or contrnotion 


tion of the other. An approximate determination of the coefficient of expansion 
of the standard bars was mad - ‘With standard bars and strain-gauges at a 
temperature of 21.7° cent., were taken on each standard with 
’ each of the four strain- gauges. The temperature of the standard bars was 
‘then changed to 48.9° cent. and again taken on all standards 
with each of the four strain- gauges, the latter still having the former tem: 
= perature” of 21.7 7 degrees. T The difference of temperature of the st the standard was, 
_ The: total expansion measured for Standard Bars Nos. 1 and 2 was 0. 00051 — 
“- in, in a total length of 10 in., or 0. 00000187 in. per in. ‘per degree c« cent. for each. 
‘The compensating s standard bar, on the other hand, gave for this increase 
oof 27. cent. in temperature, a ‘thortening of 0.00022 in This” corresponds | 
toa eiicient of expansic 00008 r in. . per degree 
cent. too much compensation had been provided, eo that the error 


‘in the compensating standard bar was about one-half that in the plain 
_ invar steel standard bar. The invar steel st ‘standard bar had ‘a coefficient of 


of, in, per i in. per degree cent, » OF about ut one- “fifth that 
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Tn taking strain- “gauge observations | (Fig. 17), duplicate readi 
gauge lines generally interv rvened between 1 two successive 


J the reference standard. | ‘The entire twelve readings were first taken and 
then in the same order r duplicate Teadings were taken. This gave sufficient 


time b between duplicate readings to prevent the observer from being prejudiced 


in any reading by the reading immediately preceding 


—Blectric ‘Telemeter. —The electric telemeter_ is an 


measuring ‘mier oscopic , changes of length and | temperature by means of vary- 


ing electrical resistances. . By installing lead wires the observations may be- 


taken at any convenient distance from ‘the telemeter cartridge. The electric, 


Messrs. Burton McCullom and 0. S. Peters, 


are ‘measured has in 1 detail: As ‘stated by the inventors, ‘the 
electric telemeter. “depends upon the well-known fact that if a stack of carbon 


plates is held under "pressure, change of pressure > will be accompanied by a 
change of electrical resistance and also a change of length of the stack, both | 


of which are reversible, the stack of plates under change of pressure perform- 

ing like an elastic body.’ 
this test the portion of the instrument embedded in the concrete 

has been termed the | cartridge. The cartridge consisted of as stack | of carbon 
plates enclosed in a a cylindrical steel ea casing 6 in, . long, and having end- 
bearing plates of steel in contact with the stack so that the strain in 6 in. ~ a 


of concrete w as transmitted | to the carbon p plates. . Fig. . 19 shows the details of a 
‘cartridge. Fig. 20° gives typical resistance-strain diagrams for several 
cartridges. here was no means checking the telemeters against a -refer- 
standard during test. T ‘herefore, dependence ha had to be placed on 


-ealibration curves: after the cartridges had once been embedded in the: 


Ki 
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ite 


earries the stack o of is for other reasons that. all moisture 
be @ kept out of the instrument, and temperature changes will be the principal, | 


Technologic Paper 247, National Bureau of | Standards. 


: 

| 
a. 
| 
| 
elemeter 
q 
| 
Soc 
The resistance measured in a telemeter 1s a Tunction of the su1 
between the carbon disks in a stack. These distances wi 
be fected, not only by strains in the concrete, but also by expansion or , an 
| 
g 


it is necessary to observe the temperatures within the and, 
wake 
the coefficient of expansion of the carbon disks and ‘the : metal 1 frames, t wll 
compute ‘the corrections to be applied to observed strains. The 
peratures: in each cartridge were determined from measured 1 resistances of 


4 a coil of No. 40 enameled copper wire wound on a vuleanized fiber 


The resistance ad this wire at 20° cent. be 512 ohms. 


was 

fall in temperature of 1 to: a in length « of the 

instrument of 0. 000016 in, per in, and this value we was used as a ‘coefficient for 
ale In all, 140 telemeter cartridges were embedded in the dam. car-— 
—— tridge | had three lead- -wires, one from the stack of carbon d disks, one from the — 
temperature > coil, and one common to both ‘stack and coil. All the leads 


_were carried to a switchboard where there was a terminal for each lead. yt 


‘Ohms 


510.9 
5 


ean 
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20. _—RustsTance STRAIN DIAG RAM FOR TELeMerens Nos. AND scD2. 
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tion, curing, and testing periods without any definitely "The 
as the cause. Recent ‘improvements in the manufacture cartridges 
> aimed at making such leakage impossible. Generally, the e failure” of 
the telemeter stack was” ‘accompanied by failure of the coil, 

but, -two of coils while the tele 
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“meter to “After any failed, 


_ temperature : from another coil in the same group was used for determining 7 


the temperature: ‘corrections: in subsequent tests. In only two groups did 
all: the temperature ‘coils gc go out” of commission. These were at the center 


of the dam at Station and on the down- stream face at Station 13. 


Station 13° the corrections for the up- stream fac face were used for ‘the: 
telemeters in both the up- stream and the down-stream faces. after the down- . 
stream temperature coils failed. One of the center-line  telemeters at Station 


7 did not BO out of commission until nearly the a ot the investigation So 


18 —Radius Meter—The instrument here termed a radius meter meas- 
ures the change in mid- ordinate | of a 40- “in. are of the flexure curve of a 
horizontal rib of the dam. usefulness the fact that. 


a Expressed algebraically, M=ETI ( ). in which, rand ry 
of initial ry final curvature, EF is the modulus of elasticity, I is the moment — 
of inertia, and Mi is the bending mc moment. if E,. and vary throughout 1 the 


om length, their average v values will give the 1 ai at the center ~~ the 


gauge length with only slight e1 error. 


Level Bubble 


‘The instrument (Fig. 21) consisted of a 40-in. arm with contact points 
either end and a gauge measuring the change: of mid-ordinates to ten-— 
thousandths of an inch, mounted at the center. The contact at one end 
“consisted of a c conical- shaped leg seated in a d-in. drilled into a ‘steel 


plug: which was screwed into cast- -iron socket “set: in the conerete. The 
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3-in. groove in a similar steel plug The groove permitted the extension 
of the gauge length relative to the instrument without affecting the ‘Measure- 


ment of the ange: of mid-ordinate. The contact point the center 


sisted of a bearing of the plunger of the Ames gauge on a flat metal surface. 4 


The plug used for one end point of each | station w as adjustable as to » depth, 
wale it could be set to | give a reading within the r range of the instrument. 
ig. 21 these many 1 features of the radius meter. 22 shows 

details of the inserts used with the radius meter. 
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‘The reference standard for. the radius n 1eter consisted of a heavy s = 


angle about 48 in. long with contact points arranged for the radius meter. 


: 

‘ and ‘spaced so that deflections may be read- on either side. This steel angle 

wa yas mounted on a concrete pedestal and at frequent intervals a reading 

on each side of the ‘steel angle. deflection: of this standard 


would have posite ‘signs when read from opposite sides; therefore, tl 


ale ebraic sum of | the deflections | should be zero and any resultant deflecti ns” 


_ appearing from the indies would indicate a change in the instrument itself. 


_ Each series sof radius-meter observations wes. begun with a set of readings ; 
a. on the reference standard. ‘Then readings on twelve radius-meter stations — 
taken. ‘This was followed by set of readings on the — 
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‘standard, then by readings | on the other eleven radius-meter “stations, and, 


‘falls, by a third set of ‘readings on the reference standard. 
19. —Clinometer. —The clinometer (Figs. 18 and 23) 9 was aa to measure 
- the deflections of ‘the dam. it consists of : a vertical staff provided with, first, 


a level bubble used to bring the axis of the staff into the vertical ‘position; | 


second, a means of bringing the lower end of the staff to the same position — 
relative | to the dam time after time; and, third at micrometer the top 


for measuring variation in distance f from fixed” point: on the dam to a 
axis of the vertical ‘staff. The | clinometer is 4 ft. 10 in. in length from the 


point of bearing on the ball to the: tip of the cone at the bottom and ‘is used 


in Fig. 18. The conical al point at the lower end of the clinometer 


4 
in a sain. hole in the lower bracket (Fig. 98). The -plunger of the 
gauge bears against ‘g-in. steel | ball which inserted i in the end 
a ‘the upper b bracket. _ The vertical distance from the tip of the cone | at the a 


bottom of the clinometer to ‘the | center of the 2 3-in. . steel ball below, is 2 on 
‘This | gives a vertical distance. of 5 ft. between’ stations. 


Bracket, | 


& 
S 
S$ 


Used at and below eeevation) Used above elevation) 
LINOMETER: (a) AS USED FOR MEASURING DEFLECTIONS OF Dam; 
AND AS USED ON REFERENCE STANDARD. 

By means of the micrometer head the upper end of the clinometer i is 


moved in a horizontal. ‘direction until the bubble is centered in 

vial and ‘the micrometer is read to an estimated ten-thousandth of an inch. | 

The instrument is then moved to the next span below. or above, as shown in o 

23 (a) in dotted lines, and a similar reading is obtained. In this way 


taken from the top to the bottom of the dam. a set 
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of readings taken at any time may = referred to a similar set taken at a it cor 
previous time and the differences at corresponding ' positions give the deflec- 


tion in the corresponding 5 ft. ‘By adding the deflections cum -beari 


lections cumulatively from 

the bottom to the top, the total deflection at ‘any point in the height of the © 

Bex, Tf the instrument were always” kept, in the same adjustment, it would < 
not. matter whether: the ‘reading for the ex exact vertical position of its axis 

“were. known Se ak since 2 the differences would be the same 3 regardless of the. 
axis. However, ‘since the adjustment may not remain the 

ame, it is provide a means of determining the of 


def) fection: 


inches 


the e same distance apart vertically as ‘the on. ‘the “Test 
‘Dam are provided. The steel ball j is inserted i in the upper clinometer bracket 
in such a way that readings 1 may be taken on opposite sides of the ball. The 
instrument | is placed as shown by the solid lines. The bubble is 

central position and the reading of the clinometer taken. The 
clinometer is then rotated 180° to the position s shown by the dotted lines. 

The bubble is again leveled and a second reading of the clinometer taken. 

‘The average of the readings minus one-half the diameter of the ball is the 

reading for which the end of the p plunger of the micrometer is vertically. over” 
a. the cone point at the ‘bottom of the clinometer when the level bubble is’ 


centered. the difference of the readings isd the distance of center 


as s shown i in 1 Fig. 23 were taken. In the early part of ‘the test 


it was not feasible to. have the reference standard close to the Test Dam 
of danger of damage to it during construction operations. . ¥ 
reason it was constructed in the tunnel the camp. While this 
standard was in use, a reading 01 on it was taken before. going down to the 


‘Test Dam. The next reading was taken after the completion of the observa- . 


4 ‘tions at the Test As considerable time elapsed between the two 


readings, there was likely to be a considerable variation | between the suc- 
cessive readings on the standard. As soon as the construction the Test 


was | completed, a reference ‘standard was placed on the rock of the 


' south abutment at the 30- ft. level. Readings o on the reference standard ¥ ‘were 


equen 


thereafter taken at intervals” during each series of observations frequently 
=. to eliminate all appreciable error due to variation in the adjustment - 


In order 


n or to obtain a measure of the accuracy of the readings taken with i 


study of probable errors for deflections | on all stations was 


20.—Level Bar— This instrument was designed to determine the change 
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t consists of a flat — a little more than 10 in. sac which forms the — . 


iece and on which is mounted, with a hinge at one end and a coil —_— 
bearing at the other end, an auxiliary bar carrying a lev el vial. The vial i is 
“graduated to indicate 4.5” change of inclination for each change of one divi- | 
sion i in the position of the bubble. To measure tt the change of pins 
a bracket a attached to the distance piece carried : a a Starrett micrometer, the 
of which had its bearing on the end of the auxiliary bar directly over 


7 the spring. To the flat distance ‘piece a conical pointed leg was attached at 


~~ 


ob 


a 


4 each end. In n using the level bar the conical po point at one end had its bearing 
on the lies of a hole drilled with a No. 54 drill (0.055 in. in diam- 
eter). The point of the leg at the other end of the instrument bore upon 
the edges of a “groove of rectangular cross-section cut longitudinally with the 
gauge length of the instrument. j= | 


+ Test NO 


ror of de 


24.—PROBABLE ERROR FOR WITH ‘CLINOMETER. 


To take observations with the level is placed on the 
* poorer’ points of the station and d the level bu bubble is brought to the center 
of the vial by ‘turning the micrometer screw. The coil spring always keeps 


the aw auxiliary bar in ‘position against the end of the plunger. the 
gauge. | The difference of readings on the | Starrett gauge for different obser- 


vations indicates the change of inclination which has taken place during 
a interval between the observations. _ Since the pointed leg | at either end 
the instrument wad be used in hole or in the groove, 


of a 
—Resistance Micrometer. addition to the determination ¢ of defiee- 
tions by means of ‘the -clinometer, prov isions made for measuring the 


"deflections: relative o steel towers erected a few feet the dam on the 


down-stream side. “The tower bases placed just previous: ‘to con- 


"struction of the dam. . The towers were ‘designed to be 5 ft. “square, protect 


by a wooden ‘sheath with 1 ft . clearance on all sides. For convenience, the 
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erection of the towers was the e completion of the dam, 
but at that ti me the finances of the Committee did not permit the ‘construe- 
of of the and they were not the test is 


for ‘measuring, the deflection to the 


developed by Mr. , the resistance 


micrometer, has not ‘been measuring of the dam, it 


has been adapted to the _under-water of the change in width 


a ae 


The resistance micrometer consists essentially of a resistance 


a sliding contact so arranged that the distance through which 


contact moves ‘is equal ‘to “the deflection and approximately proportional to to 


change in resistance. _ The ‘coil of 1 resistance wire. is wound around a 
_ core ‘and both ends of the wire are connected with an instrument for - measuring 
the resistance. A circular contact slides along the resistance coil, as meneal 
Fi ig. 25. third wire 1s carried from this circular contact to the resistance-. 


aa measuring instrument. As the deflection ‘increases, t the contact ot moves away 
13 from one one end of the — toward the other end, increasing one resistance and 
decreasing the other. Since the resistance of each part of the entire coil 
ean b be measured it is possible to determine, at any time, the proportionate © 


part of the entire range which has been traversed by the contact. Although 


‘thet resistance in the lead wire may vary with the temperature, the —_— 
e nearly the same on all three resistances so that the deflec- 
tions may be ‘determined ‘without correcting for temperature, length ‘of lead 


wire, ete. | ‘Theil length of lead wire will thereby affect the proportionate resist- 


ances, but with wires of the size used in the test, , this effect would be e negligible. 


Varies from about 6" to 


Jint~| 


Bakelite 


of brass pol ou) 
ail steaiiaee curve for the instrument is shown i in Fig. 26. This calibr an 


tion was made just before attaching the instrument to the dam. As 1 with the 
telemeters, no reference standard could be used during the test and depend- 


ence had to be placed on the calibration curve. WF In adapting the instrument 


a for measuring the change in the width of a ‘erack, the essential feature 1 was its 


protection against leakage of w ater into the resistance coil, and into the leads 
to the Wheatstone bridge. A The i: 
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en from the place of attachment at the base of the dam, and it was pore 


_ that water | had penetrated the envelope in considerable quantity. It is pos 


~ gible that w vater had been. inside - the cover r during the taking ‘of the measure- _ 


. i ments, but it is not likely that it had been ine aan with the resistance coil. 
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eae CURVE OF RESISTANCE MICROMETER USED IN MEASUREMEN NT oF 


sections may compared. directly w ith the an alytic al results for the 


: same sections. _ To adopt a system which involves only the sections ‘giving 


J 


the maximum strains would be next to impossible, but with the data secured 


it is feasible (theoretically at least) to determine the amoun 


nount and direction 
of the maximum strains. This i is true, both for the strains deter 


us is tr oth uined from 

deflections and for those n measured directly with the strain-gauge. 
libra- 


of Strain- Gauge Stations. —The number an 
th the 


digits j in 1 any strain- gauge s station number indicates: the elevation of the ata 


Where a station involves 
vas its 


er arrange-_ 


es more than one gauge line, the letter, is 
cgeart as the designation for the vertical gauge line and the letters, B, 
and D for the gauge lines” making clockwise angles of 45°, 90°, and 135°, £ 
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[| | | — 
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esist- 
 22.—Basis for Arrangement of Stations—The stations for observing 
deflections and strains were laid out in such a way that curves of deflection and 
strain would be obtained for various vertical and horizontal sections. These 
L\\ 
76). 
— 


‘The s stations are arranged in and 


horizontal — over 
_down- -stream face, and above the elevation | on the up-stream face, 
the di dam. | The horizontal rows of stations are generally 5 ft. apart. O On the 2 
- down- -stream face, alternate : stations at even 10-ft. elevations in all vertical 


“rows have four gauge-lines each, 45° ° apart. These four- gauge-line stations | 


_ maximum strains. ‘They also were of use in n determining the amount of the 


moment. In addition to stations 5 ft. vertically, a 


endo ona horizontal row at t the 30- ft. 


x Distance from center line of dam on 99 ft radivs , 


607 $5 


= 508-02 


069 360: 


LEGEND 
Siam Gage Stations 
28 point downstream face and 


LR 
1D 0 40 extend trom dam > 
abutment on Gownsiveam face % 


fo 3U extend rom dam lo + 4 point upstream fe 
‘Point ypsi ace 


Sufines 4,8, and 2, mth 4-paint or 8-pont, 10 wastage 


A few special stra strain- “gauge stations not included in this syst system were used 
for showing the movement of the dam relative to the abutments and the v: varia-— 


tion in the width of the crack at the center line in the upper portion ¢ of the 


‘Fie 27 or Sta WITH Gaver, 


q dam. These are Stations | 1D to 4D on the dow n- stream face; Stations 1U to 
3U on the up-stream face; Stations TI, T2, and F1 to F4 on the top of the dam 
at the ends ; and Stations 450 and 50C on the _down- stream face of the 
dam at elevations of 45, to 50 ft. across the crack at the center line. Most « 0) 
- these special stations have three § gauge lines | each, which form the yw sides 
_ of an equilateral triangle. | One corner of the triangle is in| the rock and the 
_ other two are in the concrete. _ The three g gauge | lines are designated as | s A, B 
and ¢, of which, Gauge Line C is entirely i in the concrete and the others span 
-% from the. concrete | to the rock. All the stations are shown in Fig. 27 ha 


She —Arrangement of ‘Telemeter Stations. —The numbers and locations of 


telemeter stations are shown in Fig. 28. Arabic ‘numbers from 1 to 30, fol- 
lowed by initials showing the position and direction of “measurement, identify 
the various telemeter cartridges. . Of the initials following ; the Arabic numeral, 


. first indicates 1 whether the location i is up stream, down stream, or central 
in in the dam, by the letters U, D, , and C, respectively. _ The second initial indi- 


= the direction of a horizontal tangent to the dam at the point under ra- 
tion), vertical, or diagonal (using J L, V, and D, respectively). 


were designed to Me used i in determining t the e magnitude and direction of the 


g cates the direction of measurement, whether it is longitudinal (extending in 
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"There are no diagonal telemeter cartridges at the down-stream face. At 


ihe up-stream face there were, in some cases, diagonal cartridges bisecting 
an made and longitudinal Midway between the 


no cartridges in a vertical longitudinal plane except the up- 
face. A diagonal ¢ cartridge with its upper end closer to the up- -stream, than = 
the down- stream, face, is indicated by the initial, Di; and a diagonal with its 


‘upper end closer’ to the down: stream face i is indicated by D2. 


— 


CL+Center longitudinal aa 
"vertical 


UL-Upstream longitudinal 


Fic. 28. —Locamon or oF 


Usually a placed in the ‘up-stream face opposite 
each point w here one was used i in the down- ‘stream face. 4 It i is now believed 


that better use would have been 1 made of the cartridges available if, for the | 
| most part, they had been placed i in the dam close to the connection with the 
foundation, in to determine the boundary conditions. > 
Eight telemeters were placed at “five stations in the foundation rock to 
measure temperatures and strains. _ ‘Three of these were close to the up-stream. 


face of the dam and were | embedded ‘partly i in the 1e rock a: and partly in the dam. 


The other five were near : the down- stream face and were embedded entirely 
in the foundation rock. Fig. 28 shows the location and the manner of embe d- 


«25: —Arrangement of Radius . M eter Stations. Kicliags radius meter stations, a 
40 in. in| length, cover the entire | extent of the dam at the 30-ft. “elevation. - 
It. Was originally planned to have thirty additional stations located as shown 
in Fig. 29, and the ‘inserts ; for these stations were placed, but they were yo 
used in the test. . The : reasons for their disuse were : First, the difficulty in 
operating the radius meter; and, second, the effectiveness of other measure- 
ments which. made tha that instrument less necessary _ than otherwise. Although 
it Was difficult to use, it gave information that has been useful i in ae" inter- 
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ARCH D AM INVESTIGATION 


£6.—Arrangement of Clinometer Stations —The stations a 
eel on vertical lines at the center, and 10, 30, = 
ical center. line on either side of it, as shown in “Fig. 2 2 7 Lines at 20 and 


40 ft. from the center line were omitted, as it ‘was expected that deflections 


those lines s would be measured with the resistance micrometer from the 
deflection towers. The stations were pl: aced at elevations of 0, 5, 10, 15 | 
etc., except on the fines : 10 ft. _ either side of the vertical center Tine. | Since 


the bottom of the dam is about 2.5 ft. igher : at this p point than at the vertical | 


“center line, the lowest observed te TaBe on these two lines was at an elevation 
of 7 5 ft. instead of 5 ft. This ; gives an overlapping of the two lower clinometer 


penne v4 All the other stations were placed a‘ at elevations | which a are a ‘multiple 
of ‘8: ft, i in order t to obtain deflection curves tor horizontal sections. 


from conter ne of dam on 99 ft radius, feet 


39 32 


Level Bor Clometer insert 
* 
ofp 


G. 29.—L oF STATIONS RADIUS METER, LEVEL BAR, AND 


27,—Arrangement “Level Bar Stations.— —There were twelve stations for 


- measuring the change of i inclination with | the level bar, of which five heii 
— foundation rock ne near the bottom of the dam, and sev ven were in the 
concrete of the dam near the bottom. ‘There were no stations above the f 
elevation. The numbers and the locations of ‘these stations are ‘shown 
29. “Inclination ‘the foundation rock was: ‘observed upon I-beams 
embedded in in the rock (shown 3 in Fig. 29 by the letter » of the 
«8. —Arrangement of Stations for’ Resistance —The locations 
"designed for the measurement of deflections by means of the resistance microm 
are shown in Fig. 27. As already no noted, ‘this. micrometer has not been 
used, except for the measurement of the width of a crack. (Section 140). | 
a —Placing of Instruments and Insert ts.—The appearance of the interior 
ot the forms during the construction . of the dam i ‘is ‘illustrated in ‘Figs. 30 to 


3, which : show how the instruments and inserts | were held in n place. Steel 
about Ye in. n. thick were. to fasten, temporarily, the: 
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aq Fi. 30. —Founpation Rock AND INTERIOR OF FORMS BEFORE | Co 


a —TELEMETER STATION 12, ELEVATION 20. CoNncREeTE PREPARED FOR CO 
STRUCTION JO STEVENSON CREEK TEST DAM. 
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ARCH DAM INVESTIGATION 


for continuous rows of gauge lines were 3 in. wide and 44 in. long, thus per- Po 
mitting four complete 10-1 “in. gauge lengths per template. 
—_ The inserts were drilled and tapped ai ig. 22 (f)) to receive the ai 
and ‘strain- -gauge plugs (Fig. 22 The taper shank on cap-screw 
and. on on the plug fitted into t the corresponding taper in the recess of the inserts. 7 
The cap- screws were used to assemble the templates and inserts into ‘units 
for ‘Placing i in the concrete, § as shown in Figs. 30 and 33. The taper in the 
insert assisted i in drawing it to an accurate center. After the concrete had 
hardened, the cap- “screws and templates we w ere ‘removed and the gauge-hole 
plugs were inserted f for taking strain- gauge observations. taper shank 
on the plug helped to. center the he plug i in the insert and to draw it to a bearing. - 
Ch ‘The large recess | in the upp upper end of the insert furnished access w — 
‘socket wrench for inserting the plugs and permitted placing a protecting cap 
over the end of the plug when tests were not in progress. After, drilling the 
gauge hole in the plug using a No. 55 drill), the plug was hardened and the ~ 
hole 1 was lapped inside to smooth the surface and 1 remove all burr. Under a 
magnifying glass the edges of the hole. appeared sharp. rp. This method of plac- 
ing the plugs resulted in accurate ea lengths. | The variation from station 
to station was generally v within 0.03 in, 
Fig. 22 are ‘shown the e cast-i -iron that were set into the concrete 
to receive the steel strain-gauge plugs; also, the plug and the brass cap-s screw : 
used to hold the inserts in in place during the pouring and the hardening» of 
‘The: ‘manner of placing and retaining the telemeter cartridges in correct — 
positions | before e concreting is shown in Figs. 31 and 32. Most of the cartridges 
| were placed 1 near r the surface s 80 that as nearly as “neal: the axis ¢ of the « car- 
_— tridge lay parallel to, and 2 in. from, the inside face of the form. _ They were 
supported and held by 1 twisted wire brackets tacked to the form (Figs. a 
and 32). Fig. 31 shows quite clearly the method of mounting the 
cartridges in the mortar blocks for use in the interior of the dam. _ From the 
block, slightly less than 4 in 1. square, € , each end of the telemeter projected. a 
little more ‘than 1 in. All movement. of the cartridge is transmitted from 
the concrete through the | end plates, ‘and this arrangement leaves the ends 
free to receive the pressure. . Only slight force is required to operate the parts - 
of the .e telemeter, and the projections s shown give s sufficient bond between ‘the 
end plate and the concrete to develop either tensile or compressive movements. — 
a Two short pieces of iron pipe (Fig. 31) project upward from tl the surface 
of the concrete and two 3- in. bars. passing entirely through the mortar blocks 
enter these pipes and hold the block in position. — After the block had been 
placed, ‘it was held from moving horizontally by wedges placed in the pipe 
to fill up the space ’e around the 3-in. bars. . During concreting very close super- _ 
vision was maintained to avoid displacement of the telemeters. This feature 
was more important with the telemeters than with 1 other instruments, because 


there was no means of. determining their actual after t the concrete 


For or each radius- meter line, three plugs wi were one at 


| 
— 
| 
7 
| 
— — 
| 
ae 
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86 
_ strain “gauge plugs, and used the same kind of inserts = On account of ‘the 


small : range of the gauge used with the , radius meter, it w was necessar that 
fe 


one of the three plugs (an end plug) be made adjustable as. to depth so that 
Thi plugs | could be set to | give ime reading: within the ‘range of the instrument. 


- ereting were 3 by 44 in. by a i-gauge 


inserts). Cap- screy were used to ponent the | inserts. to the which 
_ were tacked to the forms in position before the conereting (Figs. 31 and 32). 


After the concrete had been placed and had hardened, the cap-serews and 
‘templates ‘were removed and the plugs were inserted and adjusted. 
The elimeuneter brackets: were si steel bars, 0 0.8 by 25 5 in. cross- -section, 
extending about 12 in. into the concrete. length o of the projecting 
tion, -jllustrated Fig. 23, depended on elevation in the dam. . was 
Just long enough to bring the extreme point of the ball at the end of one bar, 
as nearly as possible, vertically above the bearing hole of the bar next below 
it in which the conical point of the clinometer os rested. ‘The ball on which| 
the micrometer plunger bore, of hardened steel, 3 in. in jetta was inser erted 
a recess in the end of the bar and d by peening around the « ‘cir: 
Poe | cumference of ‘the hole. The hole in the lower bar was in. in diameter by 


= 2 in. deep. | The distanee, B, i ‘in n Fig. 23 3 from the bearing point or on the b ‘ball 


‘rested, was Saint ‘equal to thie batter in a 5-ft. “height of the down- stream face § 


of the dam. - Above the 30-ft. elevation the face of the dam was vertical, ‘that 


iy is, the batter w as zero, and in order to bring the center of the bearing hole 


aa er O 


directly over the bearing point on the ball, an offset in the end of the bar, 


The clinometer brackets were held in place in the dam during construc- 
ion by rigid frames of small structural steel ‘channels, placed back to back. 
The lower end of the frame was attached to a clinometer bracket which had 
been placed during t the previous pouring. — Into the upper end of the: frame 

_ © ft. above its lower end), the bracket to be placed was clamped into the 
~ position | it was to ‘oceupy in the dam. . This frame held the. upper bracket at 
: the proper elevation during the succeeding pouring of the concrete. It was 
~ ‘necessary to maintain continuous inspection during concreting in order to 
prevent its displacement laterally. The frame was left in position until the 
_ concrete had thoroughly hardened, and ‘then was removed and ‘rais ed 5 ft, 
engaging the new -clinometer bracket at the bottom of the frame and in a 
like manner holding the one above in position for the next pouring. au. i 
neni in inclination of the ; foundation rock were measured on the upper 
"surface of 6-in. beams embedded in the foundation. For placing the 
als beams, tr enches i in ‘the rock about 6 in. wide and 8 in. . deep were ‘extended 
ig n along a radius of the dam. — Within | the dam about 1 ft. 
ee from either face, as small, area in the bottom of ‘the trench was left wentia 


higher than the remainder to afford bear 


“such ¢ as that shown in Fi ig. 23 (e), was provided 
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that 


ELEVATION 40, STEVENSON CREEK TEST DAM. 


Fic. 33.—INTERIOR OF FoRM READY FOR CONCRETE AT © 
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and anchor bolts were set i in the 
The strap across the xz beam 

ia: each of the two as drawn firmly as possible by nuts 

on the anchor-bolts. Rather thin « cement ‘mortar ‘was then placed in the trench 


and worked around the I- ‘beam in in the effort to secure a uniform bearing. 


| One 2 end of the beam extended to within a few inches of the - up-stream | face 
| of. the dam, and ‘the other p projected about 12 in. beyond the down- stream ; 
| face, , entirely free from contact with 1 the rock. | The level-bar station occupied } 

| about 10 in. of the e 12-in, projection. The s station consisted of a small hole 


I drilled for the bearing | of the pointed leg at one end. of the instrument and 


groove for the bearing of the similar leg at the other end. 


i The hole was” drilled on the . center line of th the bar with a No. 54 drill, 


ge nerally near the face of the dam. The groove was rectangular in cross-— 


section, about ‘in. n. wide and in. long and extended lengthwise of the 
I-beam. ‘The g groove and the hole were both about § in. deep. For te 


the change of inclination of the dam above the foundation with t the level ‘ 


bar, the projecting ends of the clinometer brackets were e used. ‘= had been 
planned to use the level- -bar data in connection with the clinometer | data to 


determine strains at the bottom of the dam, but it was not 


is more fully discussed i in Section 44. 


i. 


-F.—Recorps or ‘Tee Dara 


80. 0.—Specimens of Original and Reduced Data.—The : orm in the 
ewae were taken is indicated in Figs. 34, 35, and 36. ‘Toa considerable extent, | a - 
the sheets are self- -explanatory. For strain- -gauge, clinometer, level bar, and 


radius meter, all readings were duplicated and the average 2 of the two readings | 
was taken as as one observation. From the original data sheet, the average | 
reading was copied to a reduction sheet, samples of which are shown i in Figs. — 


37 to 39 for ‘strain- -gauge, clinometer, and level ‘bar. For : strain-gauge, cli- 


| nometer, and nite meter, an arbitrary zero ‘veading on the reference standard 


was assumed, and the corrections shown in the reduction sheets of ‘Figs. 3' 37 
and 38 are the differences between the actual readings. on the reference bar and 
i. assumed zero reading. The corrected reading is the algebraic sum of the 
average readings” transferred from the original data and the correction. 
| The corrected difference is the difference between the corrected readings for 
the series under consideration and the corrected reading for the series with 
which the e comparison is being made. Fo or the strain- gauge the elongation or 
shortening is in 0.00001 in. in 10 in. To obtain the strain (that is, the 
comected in inches per it is to divide the 


in the same vertical radial plane. = the reduction hiein, the stations in a 
same vertical radial plane are so arranged that the cumulative sum from left 


to right gives the . total deflection for the corresponding stations, 
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«fF _ For the clinometer the deflection at any point is obtained by adding to the _ a :_ 
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Records of Tests made in co- Operation with U S. Bureau of 
ENGINE ENGINEERINGFOUNDATION | STEVENSON CREEK DAM | - sheet 
Level Bar _ Tes Tast WW? Recorder “Dele — 


FOR 


Sas 0480 0536 -0204 1260 /404 | ~00L5 1045 2569 -/56/ 
Readings 0488 05460 -0209 /264 MOR -0370 0702 0324-0026 1080 2570 
Av. Reading 0484 0536 -0£07 1403 -0369 070/ 0326-0026 1048 2570 

0285 0732 20/9 -1011 2390-1360 1056 -0038 1764 -0764 09/4 0078 
0289 0789 -10/4 2390 -/361 1056 -0030 1766 -07590922 0079 
Reading 0730 2017 -/olé 43960 -0034 768 -O762 OHS 0079 
A.M. Gage Group Std.* 
4 


CLINOMETER DATA 


PORTION OF ORIGINAL 


O436 0566 “0230 | 1295-0500 0316 | 2548 - “1508 
0448 -0639 1270 1300 -0306 0700 0386 -0109 1135 L552 -1508 
Reading 0569 -0235 1298 -0303 0700 0321 M39 1608 
AM, Gage Group Std. “3 40 
= 0281 0748 1916 2358-1341 1060-0056 (726 -0706 0935 008/ 
Av. Reading OM] -0930 £357 -134/ 1059 -0054 1730 -O707 0935 


Group Std. 


Line | No. 
3 


were faken 
35.—Corpy or 


= 
& 


Fic. 


J 


Av. Reading 


0168 0868 -02 72.1316 1/35 -0090 0698 0341 -0400 /444 2405 
Reading 086.9 -0274 1313 _-0090 0699 -0400 /446 405 
a 
Notes and-Sketches: ria af 
5 
60 fe head of water 
4 - = water 
36 ENGINEERING FOUNDATION est TEST OF 
on STEVENSON CREEK DAM 
} ARCH OAM INVESTIGATION Gi 
S 6298 ITSSB 17970 17466 17261 18528 16579 18062 
| 16499 17759 16646 18660 (8/71 17667 16666 /7462 /8725 17404 1/6780 /8L63 
Conrected Difference #00072 400028 = 00025 -000/3 00070400037 -00038 408034 -00098 400/37 
Correction 
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DAM INVESTIGATION 


Records of Tests made in co-operation with U.S. Bureau of Standards wha 


TH ION Wo 
ENGINEERING FOUNDATIO TEST OF Instrument 


4+ STEVENSON CREEK DAM 


Station Boe, 408 M30 435 440 445 450 455 460 


0035 5905 $840 S951 $898 S590 ¢ 6029 $368 JO49 S827 S505 $180 

+0033 -OO3Z -OO33 -OOI3 -OO33 -OO33 -O033 -0033 -O033 -O033 -O0033 

te. $607 $0/8 S865 $497 $996 $935 S472 S147 


Head of 
Observer 


la 

J 
9-22-26 


Marchand Marchand Marchand 


> 


-0031 S84) 631i 6347 6486 S847 6153 $940 6978 S759 $070 
Correction 438-003! -0031 -003/ -003/ -003/ -003/ -O03/ -0031 -003/ -O03/ -O03/ -O03) 
Corrected Reading $216 628/ 6316 6455 S816 6122 5909 6947 5728 5399 5039 
Corrected Ditterence hon -0I83 -0409 -0509 -OS37 -04 $6 -0319 -0/26 40069 40066 40082 #0/08 

HBS - 1301 -1838 -2613 -2739 -£713 -2578 24.96 
-0030 $325 6438 E489 66EO 65SEC 6037 6333 E6059 FOIB S772 S450 5105 
. Conection #378 -003/ -003/ -003/ -003/ -0031 -O03/ -003/ -003/ -0031 -003/ -OO3/ “003 
Correctes Resting 6407 6458 66LI 6006 6302 60E8 6987 S74/ $419 5074 
Corrected Ditterence = LeVlection -046/ -OS3IS -065/ -O7/! -0660 -O§09 -0306 -OO93 40029 10053 
Qetlections -046/ -0996 - 1647 -£358 - 3018-3527 -38.97 -3844 -3791 - 3718 


i 38. —Copy OF PORTION OF REDUCED CLINOMETER DATA FOR 


> 


ee ‘Records of Tests made in co-operation with Bureau of — 


ENGINEERING FOUNDATION GENERAL Ds DATA 

‘ Committee on Arch Dam Investigation 
= Observer- Lyse__ Recorder Devoe _ 
STEVENSON: CREEK DAM Date 9-2/-26 Sheet / 


LE 
50 


Fenwick 


9- 2/-26 
6077 


| Serve: y 
4/446 , 
-Oa 7 


-288 


a 


#1048 


£182 | -180\ 125 | ~379| 
“3B 569" 
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— 
— 
— 4 kite 
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_ ARCH DAM 


gauges was used. The. change i in mid-ordinate for each station is : sailed 


to the strain, and to obtain deflections from them a double instead of a a ‘single ' 
integration (cumulative addition) would be necessary. tote 


| Telemeter data wer were recorded and reduced in a different manner. Since 
temperature corrections for parts 
| stack, and the resistance of the temperature coils are in the reduction 


| of the data, a different kind of form was necessary. . Fig. 40 gives a sample 2 of 7 
the original and reduced data for Test 12. 


‘ests made in co-o; tion tan term 4 


ARCH OAM INVESTIGATION TELEMETERS @ nesstance THERMOMETERS = / 
Stack, Ohms 426 45.4 57.5 48.4 B54 463 4S 
Coil, Ooms. 50/ 500 503 495 S02 503 503 49855005 498 S504 
3099/40 488 PY 46 730 467 258 686 
(Temp. Correction -88 -80 -92 -92 -/04-104 -64 
Corrected Strata 20g S62 £09 666 798 638 363 154 
nme 486 45) 450 474 S03 479 36.6 3 S62 508 
Call, 998 498 5025 500 500 498 497 S02 500 500 
Indicated Strala 6427 630 702 1020 970 652 S58 482 402 530 874 670 655 
Temp. Correction -64 -96 -/04 -84 -88 -96 -96 -/04 -l04 -/l2 -88 -88 -88 -88 -88 
Corrected Strato 674 563 534 598 932 874 716 548 454 370 786 S67 
Tempentue 140 1325 [475 145 13.5 130 MS 
Telemeter 10DL 10DV 10CD1 10CD2 10UL 10UV 11CD1 1:CD2 12DL vv “an 
cata f Stack, Ohms 4/7 974 4/6 498 46.9 447 438 77.5 500 432 409 424 505 46.9 495 458 408 
Coit, 49S 497 S02 500 4995 998 5015 499 498 498 §00 $025 
Indicated Staln 625 425 628 748 7/0 582 738 240 832 61S 407 $37 602 690 620 S35 570. 
Temp. Correction -/04 -/04 -72 -72 -96 -96 -/04 -/00 -96 -96 -96 -96 -60: 
Corrected Strain $56 676 6/4 490 642 136 732 519 44! $06 $94 524 439 5/0 
Temperature 140 425 40 135 1275 [440 [40 40 14.0 [6.25 16.0 
Telemeter — 12CV 12CDl 12CD2 12UL 12UV 13DV 13UL_ 13UD DL 16DV 
Stack, Obms 39.3 484 §30 452. 45.8 544 56./ J6.7 35.4 48.9 469 483 434 
“inate Sean, B08 580 708 725 7/2 S00 §95 842 810 650 472 967 780 690 665 
Temp. Correction - 96 -96 -96 -96 -/20 -/20 -96 96 -96 -/00-100.-96 -96 -88 -100 
484 629 592 380 499 697 746 7/4 550 372 87/ 684 602 555 He 
‘emperature 
40.—CoPy oF PORTION OF ORIGINAL AND RepuceD T TELEMETER Data FOR TEST 
each telemeter cartridge a calibration curve 20) was prepared 


rele the instruments were embedded in the « concrete. _ On the form (Fig. 40) 


there is a column for each telemeter row, for each series ¢ of observations. The — 


resistance of the carbon stack is recorded to the nearest 0.1 ohm as “ ‘stack, 
ohms.” The resistance of the temperature coil is recorded to the neerelit 


0.5 ohm in the line. marked “coil, ohms,” and is used to determine the tem- 
perature by means of the constant furnished. with the calibration curves for 


‘i The indicated strain is the value of the strain, which i: 
curve corresponds to the resistance ‘ “stack, ohms.” - emperature corr 


tion is that cept of the change of length pecan by the stack, which is 


due to change 


-“ 


to 10 45 Pn 


/ 
60 


same constant was. applied to all the ngewe ers. The value found to be arene a 


‘consistent for the data was 0.000016 per degres centigrade in the 6-in. 
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| nine 
tions were -referre red ‘to 20° cent as a zero ) correction. The “corrected strain” 


a shown on Fig. 40 represents an arbitrary value for the inde of strain and is 


7 without meaning until compared with similar “corrected strain” for the 


same telemeter under | other conditions; ‘that is, the net strain is found by 

subtracting the “corrected strain” for one series of readings from the cor- 

rected strain for the series with which it is to be compared 


81. —Filing o of Data a—The original and the reduced data have been filed 
with Eng Foundation and w be available for reference to. those: who 


. These data, whether i in the 
of tabulations or or wall in form are indexed 


18, 1926, before any concrete had been placed i in the di dam, readings were taken 
on Telemeters 3 U and 3 D just before they were Ww ere -grouted into the foundation 


rock. 


‘Telemeters 3 U and 3D are shown in Fig. 41. The difference of about 4° 
cent. between the first two readings in Fig. 41 probably represents partly. the 


daily variation it in temperature and partly the difference between air tempera- 


(before grouting) and the temperature of the rock and g grout. 


about two days and hi decreased slowly. Air temperatures fox the s same 


time (Fig. 42) were taken from daily t temper ature graphs | recorded by an an auto- 


“graphic thermometer stationed at ‘the dam site. _ Previous to the completion 


of the: dam, the a autographic thermometer was: kept i in a partly enclosed hoist 
house about 100 ft. down stream from the dam and “approximately at its” ‘top 


“elevation. On June 27, after the removal of the forms,/the thermometer was f 


“moved to a position about 5 ft. down stream from the dam at an elevation of 


; - The two upper graphs of Fig. 42 give the maximum and the minimum sails 


and the period and the close of the 
testing period. ‘The lower curve shows the ‘the same. 


of 4 ft. is in Fig. 43. The of the dam at this 


is about 6 ‘ft. 2 in. 7 The ‘temperature rose to a maximum of 47° cent. in the 


becoming con constant at about 17° after 3 week ps. No other station had so great a 
ise as this, “others” we ere e nearly as great. Near the ‘surface the 


"temperature r ° cent. within day and from 


then « on decreased the same rate as at the center, reaching a steady 
“temperature 0 of about 11 11° after 2 weeks. 


| 
a center of the dam in about 2 days. From then on it gradually decreased, 
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Fic. 41.—Tz oF Rock AT 1, 2, 3, AND 5 
for S47 


Fic. 42 —AR TEMPERATURES aT DAM DURING 
od MINIMUM DAILY TEMPERATURES. 
SIMULTANEOUS WITH 


“TEst PROGRAM. UPPER Curve, AND 
‘TELEMETER READINGS. 
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Fig. 43..-TEMPERATURE AT STATION 6 DURING CURING OF CONCRETE, 


Station 6 is taken as typical of th the dininaeiee (that is, the thicker) portion 


of the dam, and d all the data for that ‘station are included i in | Fig. 43. In Figs. 
= , 45, and : 46 envelopes | of the temperatures in the concrete at Elevations 10, 
- 20, 40, 50, , and 60 are given. . The upper curve of each _ envelope is is formed by 


comnecting the points representing the highest temperatures for ‘the station 


under consideration on ‘Successive dates and the lower curve, by connecting 
the points” of lowest temperature on the same dates. 
-_In general, temperatures at the center of the dam were higher than ee. 


near the surface during the period i in which the level was as affected 


by "chemical heat. From that time on, the highest" temperature m may have 


occurred either at the surface or in the interior, depending « on whether the air 


at the time was higher or lower than that i in the interior. This i is 


entigrade 


eratire in dh 


are given. At Elevation 30 and ance: there were no telemeters in the center 


the dam and, consequently, all the temperatures shown | are for positions 


7 near the surface. u The average temperatures at various ; elevations from June 


to September : 22 are shown in ‘Fig. 47 


«88. —Strains and Relation Between Strain and Temperature-—The : strains 

og iene by the telemeters of Stations 1 to 5, with no w ater in ‘the reservoir, 

are given in Fig. 48; those for ‘Station 6, in Fig. 49. The strains for repre- 


sentative strain- are shown in. Fi ig. 50. Figs. 48 and 49 show 


Yigrade 


yees Cen 


that some places an increase in temper ratur was s accompanied by an 
rease in Jength, and i in others, by a decrease n | ength; it is not easy to see 


any direct r relation between cause and effect. 


e The diagram, Fig. 51, , shows the relation between temperature change and 


y “strains observed at Elevations 30, 40, and 50, and includes also” the relation 

= of the deflection 1 to the s strains. The ordinates of the points on the curves 
a marked ‘ ‘Computed from Temperature Changes”, vf ‘represent the strains com- 
puted by multiplying the temperature ‘differences by the average coefficient of 
thermal « expansion, found to be 0.000007 7 in, per in. per degree centigrade. 
Thus, tl the ordinates, although shown. as strains, are proportional to temperature 


=) “changes. The s strain, 6 computed from the deflections was obtained by : solving 


the av erage strain 
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Jemperaty 
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, the approximate f ee. Reduced to the notation of 


Contignade 


l= the change in length of the. are. 
the rise of the are. 
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Fic. 45.—ENVELOPE OF TEMPERATURES IN THE CONCRETE © aT 
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_ Fig. 46.—ENVELOPE oF TEMPERATURES IN THE CONCRE' AT 


60 (Stations 25 | 29). 
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Fig. 47.— AVERAGE INTERNAL TEMPERATURES AT VARIOUS ELEVATIONS FROM 
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Fic. 49.—STRAINS AT TELEMETER STATION 6, WITH 
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ARCH DAM INVESTIGATION 


ata a 
of the down: stream and the up-stream ‘strains, and averages: ‘of strains ‘meas- 


30 and 40 the strains in the vertical fairly close to 


from the temperature changes, while those in the horizontal direc- 


: tion appear to bear little relation to the temperatures. At the 50-ft. elevation 


cup 

Bis ne: in the horizontal direction computed from the | deflections are a . 

much smaller proportion of measured strains than elsewhere, and the 


4 agreement between the measured horizontal strains and the strains computed 
4-2. 


‘from m the changes (same for horizontal as for vertical) is better 


Woke 


Mean of pra 


Morn 


, Ml 


+ Computed from “Mean of 
stations 19.20,2/ 1, G22 


BETWEEN STRAINS BY TELEMETERS AND ‘STRAINS COMPUTED 
TEMPERATURE CHANGES AND DEFLECTIONS. 


This is as should: be ‘expected if (as may an been the case) the | dam was 
broken loose from the abutment at the 50-ft. elevation. The tensile strains” 
tm the abutment joint were 80 o large on the down- stream face as early as 


- June 6 that the dam may then have been cracked loos On June 12, a crack 
observed on the | down- -stream side. Ont the up-s -stream side the first’ one 


June 6. ‘The strains above the 50- ft. elevation across the abut- 


was found that during the ‘period. of the hardening of the hei a “ 
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t thought at first that this mit in the nature” 
continued flow added to the shrinkage. Later studies, however, showed 


that the vertical strains were related to the temperature changes and the — 
= strains to the ‘deflections in ‘such 8 manner as to indicate that the 
restraint of the dam at the abutments | against - free movement was responsible 
= the difference between the vertical and the horizontal strains. ‘The excess 
of the vertical over the horizontal strains was so_ general there is no 


The curves in ‘Figs. 52 and 58, prepared in a a study of the calibration of 

the telemeters, § give information also on the behavior of the dam under tem- 

perature changes when the « concrete was from 17 to 36 days old. ~The strains | 
in the vertical direction, as measured by the strain-gauge, are shown vn in the 

diagrams by the curves marked 504 A, 504 U0 A, and 508 U A, and those in the 
_ horizontal direction at the same stations by 504 C, 504 U C, 508 C, and 508 U C. 
B rates of expansion with temperature ch: change (the e slopes « of the curves) | 

for the v ertical are nearly the same as for the horizontal direction, nd in 
this respect conditions| are different from those” noted for the hardening 
: period. The dam was free to expand or contract vertically, and since the 

horizontal was nearly the same as the vertical expansion (or contraction) it 


appears that: the stress accompanying. the: expansion must ha ve been J 


further examination (including thirty- five stations distributed over the 


m) of ‘the effect of the temperature rise during the dryi ing period, showed 


that ‘the ‘difference between the vertical and horizontal strains was too small 


to be detected except for the stations near the abutments. 5 For the abutment 

: _ stations below the 20- ft. elevation, the strains in the vertical direction ave aver- 

- aged about 0.000040 i in. per in. greater than i in the horizontal direction. - For 

the: higher elevations, the difference between vertical and horizontal strains 


The slopes of the “curves” (Figs. +52 58) ‘eorrespond quite wi 

average coefficient of expansion ©. 0000077 in. per in. per degree centi 
grade) determined i in the laboratory tests at the University of “California. 


‘Tests 2 and at the 60- ft. elevation an average change 


temperature of 4.97° ° cent. and an average increase in strain ‘(ineluding 


both vertical and horizontal directions) determined by the strain- gauge, of 
0.00003 in. per in. Between Tests 8 and 4 4, there was an average drop i 
temperature at the 60-ft. elevation. of | 7.77° cent. and an average decrease 


strain of 0.000071 in. per in. _ The corresponding coefficients of expansion were a 
and 0.0000092 for the two ca an 


value of 0.0000076 in. per in. per degree e centigrade. 

. At the 60- ft. elevation, there are only three telemeter stations. At the 50-ft. — 

elevation there are fi five stations and | the coefficient determined for th that eleva- — 
1% tion may be expected to show less variation from time to time than that for _ 
the 60- ft. elevation. or the 50- ft. elevation between ‘Tests 2 and 3, the tem- 
oy perature rose 2° cent., and ‘the average expansion was 0. 000018 in. . 


per in. 
ay Between Tests 3 and 4 there was a decrease in temperature of 6. 5° and a con- 


traction of 0. in. in. and the of 
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wit 000 
per degree average coefficient for the 60- ft. 
elevations was 0.0000079 in. per in. ‘per r degree | centigrade. 


Additional on the  coeficient of expansion is furnished by tests 


Im. 


with the telemeters and with dial extensometers attached externally. As the 
telemeters themselves were affected by the change i in temperature, the values 
obtained by the extensometer ‘were used in . determining the coefficient 

of expansion. The “specimens were t tested both dry and saturated, and the 
average coefficients found were 0.00 0000080 and 0. 0000074, respectively, with 
an average of 0. 0000077 in. per. in. per - degree centigrade. The 3 by 3 by 40-in. 
_ specimens at an age of 7 weeks gave an average coefficient of 0.0000074 in. per — 

per degree centigrade, with the specimens successively dry and 1 water 
soaked. ‘The agreement of the values quoted is reasonably good, | and the 

“average coefficient | was about 0. 0000077 in. per in. degree centigrade. 

Additional discussion of een temperatures and strains is 
found in Section 1 37, “Effect of Drying.” 

Deflections and Relation” -Deflections and Temperature.— 
Deflections which occurred during constructioa, as nearly as they may be 
determined from the e data, are s shown in Fig. 12 and are discussed in Sectio 


11. After the completion of of construction it w was possible to determine more A 


. exactly what the ‘movements were. r On t the morning of J june 5, 1926, one day 


after completion of the pouring: - of concrete, a complete set of deflection read- — 
ings was taken. 


These’ were used as as the datum from which to SS 
numa diagrams of deflections ‘for sever al subsequent dates ¥ with the dam 
under no water } pressure. (See Figs. 54, 55, and 57 to 62, inclusive.) Fig. 54 a 
_ shows that the deflection between June 5 and June 14 was mainly at the top os 
: of the dam. Comparison of the ‘temperatures for the various heights 3 
ins Fi igs. 47 “a 46 with the deflections i in Fig. 54, 8 shows that the ‘deflections — 
from June to June 14, practically all of which were down stream, were 


approximately proportional | to the fall i in ‘temperature for the various pee a 
June to June 24, the temperatures: rose slightly, ar and Fig. 55 com-— 
ws as 
period, but. ‘much would be expected 
deflection entirely to. temperature 


if it be ‘be | assumed "that the 
=. Tec wing the dam to dry for ok 
period of ‘sprinklers used to keep the ‘concrete saturated were shut 
off and no water ‘was applied until July 2 . Figs. 46 al nd 47 show that from 
' June (24 to June 80 the temperature within the concrete rose about 8° in the 


upper part of the dam, and Fig. in w hich changes | of temperature 


deflections at various heights are indioased graphically, shows that on June E 
dam had everyw here deflected up by an | amount which | 


Evidently, the defiection v was 
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56 —Dracras or DEFLECTIONS AND CHancs TEMPERATURE, 
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ig. 42, , was nearly constant during this time, the temperature rise in ~~ 


conerete 1 must been ‘the drying” out. > Comparison of 57 


lower elevations. _ Likewise, Fig. 58 show s that the down- -stream “deflections 


were much | greater at the he top than a at the lowe er elevations ; the he irregularity in 


the | curves” the extreme right is s probably due to an erroneous reading at 


& levation 50, although there is” no way of knowing positively that such an 


‘The « deflections in Fig. 59 were plotted from » the zero readings for the first __ 
- load test, that of July 12, compared with the readings | of June 5. On July ; 
12 ‘deflections at at the » vari ‘ious elevations re relative to those of Ju une 24, ‘were about _— 
as would be expected from the differences of temperature for these two dates. 
Considerable variation in in temperature occurred between Load Tests 2, 3, 


and Ay and temperature differences have _ been ‘used in computing the 


coefficients | of expansion given in Section 33. | Figs. 60, 61 and 62 show that 7 


the variation in deflection for this period i is in 1 reasonable agreement with the — 


aviation in the internal temperature of the: dam. available for 

showing similar no- -load deflection curves “corresponding. to the time of each 

of the remaining load tests, but it is believed 1 that those already given are 
sufficient to. ‘illustrate 1 the e behavior of the dam. ‘Fig. . 63 shows the crown 
deflection at ee 30 and 60, from the one f pouring to the end of sl 


In Fig. 64(b) ind are given comparisons ns between the of the 


| 


crown deflections observed from June 24 to June 30 and from June 24 
J uly a. with the deflections computed by the Cain formula* for the ‘separate 


ae? 
_ arch 1 rings at various heights from 1 the 10 to to the 60-ft. elevations. — The change _ 
i in was determined from the ave averages observed with the telemeters: 
each elevation. * The coefficient of expansion used was 0.( 0000077 in. per in. 


er 2 centigrade. The observed deflection from June 24 to ‘Tune 380 was 


ess than that aul for either hinged or or fixed arch conditions at any ‘eleva- 
‘That from June 24 to July 3 was between the | deflections 


d and fixed « arches for 1 most of the arch elements between 


are given in Fig. 64(a) by pry ct the tempers 
ture change and the coefficient of "expansion must be multiplied i in computing 
‘the crown at any elevation, for either: given condition. This shows 
that a constant: ‘temperature change. above ‘the 30- ft. elevation should give 


nearly a a constant deflection. Therefore, the deflection at any elevation should 
nearly proportional to temperature change at that elevation. It 


been pointed out ‘that this: was approximately fact with the test dam. 

| ‘During the « curing period, it was found that the deflections varied consider- 


the day, probably because of the temperature variation. , This 
The Circular Arch Under Normal Loads,” by William Cain, M. Am. Soc. 
Transac ons, Am. ‘Soc. Vol. Pp. 233. For formula s see p. 
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Dan stone from center line of dam, bo Lon 


Seale of deflections, inches 


3 


rt 
Ne 
ia 


— 


dows 
Fic. 58.— ISOMETRIC oF 5 ‘To JULY 3. ts 


a 


‘sikh. 
OF DEFLECTIONS, JUNE 5 To Ju 


— 
— 
— 
— 
— 
‘ 
} 
— 
— 
+ 
q 
=~ 
. yae te an 
= 
ier 
« 


of deflections, aches. 


me 


i. 60. —Isomernic DIAGRAM or D DEFL LECTIONS, (JUNE | JuLY 15 


nce from center ine be 


ey 

is 


— 


‘lis vas 
oF DEFL ECTIO * 702 


| 


4 Distance trom center line of dam, feet 


nce from center line of dam, feet Undeflecled Dam 

| pm 
| 
a 


ALIN 


7 


Dj 


63.—CROWN DEFLECT AT 30 AND 
END OF TESTING PROGRAM. 
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temperature variation was due partly to the fact that during the day the sun 


shone on . only o one face of the dam at a time, and partly to the fact that the — 
which dam saturated was necessarily shut off during the 


‘Te Fig. 5 the « “crown deflections atv various elev ations between 6:00 A. M. 
al 2:00 — on June 24 are shown, also the changes of temperature and the | 


vertical bending strains at various s elevations , as measured with telemeter and — 

strain-gauge. bending strains are algebraic differences between the 
2 total strains measured « on the up- stream. and the down-stream face of the dam. 


‘The ‘strains measured \ Ww ith the telemeter were available ‘only from the bottom 
of the dam to the 30-ft. elevation and ‘those measured with the strain- -gauge 

were available only f from the 30-ft. elevation to the top Fig. 65(a) . At the 
ft. elevation both were av ailable. ‘The difference between them is a large” 


‘percentage of either, but it is not larger 1 than the sum probable’ — 
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The deflections measured with the clinometer and those computed the 


~ strains are shown both in the same diagram (Fig. 65(b)), for comparison 


~The computed deflection curve assumes as the strain at the 30-ft elevation the 
average of those found by th the telemeter and the strain- -gauge. The upper 


the lower - dotted lines from the 2 25 to the 35-ft. elevations show the defle- 


| 


- $Sliad which would have been a obtained by using the strains from the t telemeter 
4 The agreement of the curve of "measured deflection with the curve of 


sd eflection computed from the s strains (Fig. 65(b)) is fair, and both indicate ae 
quite a large deflection, ‘about ts -in. at the top of the dam. Since all the 


strains measured were so small ‘that the probable error of the instruments: Pi 


be a considerable percentage of the measured | strain, ‘close agreement 
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‘may have party accidental, and not too be attached 
shown in ‘Fig. | 65. The number of in the diagram i is too to 
os information \ on the distribution of the change of temperature, but, in 
"general, it seems ‘that the change was greatest on the up- -stream face at the 


5 «3 po of the dam and on the down-stream face at Elevation 30 and lower. . The 
= shone on the upstream face during most of the time and this probably | 


= 
— 


= "accounts for the greater change in the up-: -stream face at the top. It is not 


clear why, for the lower elevations, the change was not about the same on the 
;  down- stream face as on the up-stream face, since the platforms and framework 
Ps "shielded the dam from the direct rays of the sun on both faces at the lower 


elevations. Temperature changes in the interior of the dam 1 were observed 
only at the 10 and the 20-ft. elevations, and it is clear that there the 


perature change was quite small. jo 


35.—A pparent Loads Computed from Temperature Deflections.—For the 
periods, J une 24 to June 3 30 and J ‘uly 15 to July 19, the temperature 


"deflections 1 were reduced to apparent moments and 1 loads « on the vertical center 
line element and on the uppermost horizontal element. ‘By the term, apparent | 


load, is meant the load w which would be ‘required to bring back t to the position 
before. the temper rature “change took place, , the elements of the 
mS ‘under consideration. ‘The apparent moments are the moments produced by the 
i apparent bending load. | The apparent bending loads" were determined by 
ic differentiation of deflections by methods similar to those deseribed in 1 See- 
= tion 63. The apparent direct load is the load which if ay app to the 
would, according to the cylinder formula, | cause the same direct strain as the 


temperature strains. The deflections, s strains, moments, and loads, 


bending and direct, in this study are shown in Fi igs. 66 


It is not probable that the tresses are as great as the apparent 


moments indicate, since part of the strains are merely temperature expansions: 


and contractions. However, since the dam is” restrained | against expan- 


sion and contraction, deflections must set up stresses. It is not known what 

pr propor rtion the actual moment is of the a apparent moment, but since the deflec- 

tions and the t temperature changes were much the greatest at the t top of the : 


dam, whereas the apparent | moments and loads were much the greatest near 
the bottom, it seems likely that the actual 3 ‘moments were not far short of the — 
"apparent moments. The temperature changes at the top and at the bottom of 
dam from Jv une 24 to 30 were about x. and 3.5° -cent., respectively. The 


highest apparent bending “resulting from ‘the temperature 
Since ‘the. dam is free and contract in the vertical direction, 
be iti is - assumed that the vertical direct stress due to temp erature change may be — 


neglected. ° In Figs. 68 and 69 the ‘Plotted points show the apparent bending 


. loads, and the cross-hatched area shows the apparent direct loads on 1 the upper- 


most horizontal element of the dam. _ The actual bending ‘moment and ben 


ing stresses probably are about equal the apparent bending moment and 


stresses computed therefrom. However for reasons given in ‘Section 33 it is 
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‘Fic. 66.—APPARENT LOAD oN “VERTICAL CENTER LINE Dur 
TO TEMPERATURE DEFLECTIONS, JUNE 24 TO JUNE 30, 1926. | 
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69.—APPARENT ON HoRIzONTAL ELEMENT aT 60-Foor 


ELEVATION ae TO TEMPERATURE CHANGES, JULY 15 ae 


‘To Jury 19, 1926.00 
—Cracking Away from Foundation During Curing Period. —The first 


_ a evidence of cracking of any kind was given by Telemeters 2 U and 4 U, located 


WY 
= 


Bm a aa at an elevation of about 12 ft. and about 24 ft. north and south, respectively, 
= a of the ae center line bes the dam. Baier extend from the foundation into 


ar are esrenljon on Fig. 48. Ite appears likely thet the concrete cracked away from 


> ant . _ the foundation between April 29 and May 1 at Station 4 U and between May 2 
— and May 3 3 at Station 2 U. _ After these dates the resistance in the telemeters 


4 = ae was far beyond their calibrated range and it seems certain that at least by that 


a crack had Evidently, however, its width became about 
Hog stationary, since the resistance did ‘not ¢ continue to increase e appreciably. The 


later resistances are 1 t shown in Fi ig. s. 48 as they were e beyond the r 


range of 


oe 15-% Examination at one of these stations about May 2 ‘disclosed a crack which 


appeared to be about 0. 01 in. wide. ‘The up- -stream_ telemeter cartridge at 
3 (passing tho foundation into the dam at the center line) 
showed no similar movement until J uly 2: 23, during Test 4, when, under a 
Bs bending load due to a 30- ft. head of water, ‘a total elongation of 0. 0014 in. 
: a ee occurred in the 6-in. gauge length crossing the joint | between the dam and the & 
ds 


ang At Elevation 3 30, the strain- -gauge stations | were pl laced i in such a ain ‘that 
i at each end of the dam two gauge lines crossed from the dam + to oa “founds 


tion rock on the down- stream face of the dam and one o on the up-stream face. 


The concrete was placed to a height which included these stations | on May 13, 


and initial readings were taken on May 14 (Fig. 70). At both ends of ‘the 


dam the strains on the up- stream face increased quite s har ply | on May 19, and 
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erack is indicated by the for 1U and 2U. 


fou Although Fig. 70 indicates considerable elongation on the “down- stream 


face, no crack was found at either end of, the dam on ‘that face at the 30-ft. 


elevation until about June 30 during the period to in Section 87 as as 


“temperature ‘shown i in n Figs. 43, to ‘AT, J une 24, 


perfectly with the date of shutting off the sprinkling: water from the dam, 


whereas nothing in air diagram, Fig. 42, would account: for 


into 
fay 3 
Lay 2 
neters 
that 
ize of 
a = 
which 2 30! 2 25 | 5 0 & 20 25 30 
I 
ider a Fie. 70 —ToTAL STRAINS IN LINES aT STATIONS 1D, 1U, 2D AND 2U, Across 


ABUTMENT JOINTS, AT ELEVATION 30 


nd the ow the ends of the dam (Fig. 70), both the up-stream and the down-stream > - 
- gauge lines across the abutment joint elongated w ith the fall in temperature 


from May 18 to 26. The u up- -stream elong ration considerably larger than 

that down stream, indicating a a rotation corresponding to a a down-stream deflec- 
face tion of the dam. Later, during the drying period, a | Sharp rise in the internal 
13 temperature ¢ of the dam occurred, and a a corresponding shortening of both 
ay 13, a 
of the “up-stream and down-stream gauge lines might have been expected. 


7 
= 
on May 22 the tem- 
perature began to fall and continued falling until the mimimum temperature 
an 
— 
— 
1 
isd 
| period seems to have been the internal temperature change due to shutting — — ~~ 
| off the sprinkling water. The abrupt increase in strain for Gauge Lines | az 
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anomalous behavior may be. accounted if it be assumed that the 


‘Comparison of Figs. 7 to with Fig. that the dates on which 


large elongation or shortening at the abutment joint occurred are 


dates also large strains within» the dam and large deflections oc 

(Sections 33, 34, and 37). | 
ag The crack at the : abutment joint on the top occurred at each end on June 6, 

» halle 36 hours after the ‘completion o of the dam. i: The width at the center of 

_ the thickness of the dam, as measured with the strain- -gauge was ‘shout 0.008 in. 

ate each abutment. The cracks when first observed v were widest ¢ at the up- -stream | 


face, and satin to within about 1 or 2 in. of | the down-stream face. Within 


few days had extended entirely across the dam. if Fig. ‘shows the 
ea and shortenings | on all the gauge lines on the ¢ top of the 
Ng dam across the abutment joints. - When the crack was first found, it could . 
be traced entirely to the dow n-stream face, but the movement shown in Fig. 7 

for the north al abutment was greater for Gauge Line A than for Gauge Line 3 
although Line A was slightly closer to the up-stream face At the abut 
ment. the movement was greater in Gauge Line B than in Line A. Gauge 
‘Lines A | and B are so close together where they cross the erack that the dit 
ferences of their readings | cannot be expécted to tell | ‘much about the rotation 
of the dam at the a abutment. I n order to detect more exactly this rotation, 


Lines lto# 4, inclusive, were > used d (Fig. TA); movements in these 


+9 - It is likely that before the load tests began c on J uly 12, cracks extended al 
ae “the way from the top of the dam down to within about 10 ‘ft. of the bottom 


p: on . the up-siream face at the abutment joint, although they v were not detected 
all nts in this course. On nad down- face similar racks had beet 


=a Tune 6 6 the crack was observed, but on June 5 ba could ould not be detected by the § > 


g 

J ‘the same as those on 1 which large temperature changes took place. On the ; 

8 


‘Tota! strain, laches 
& 


: i dam was as not entirely free to . expand and that the pressure at the abutments 
Pro duced an up-stream deflection resulting in a rotation of the dam at the J * 
abutments, as_ indicated by the strains shown in Fig. 70. Fig. 63, which 006 
the crown "deflections at the 30- 0-ft. elev ation, shows” that some such | 
deflection ¢ as that here outlined took place ; as the temperatures changed. yr After -002 
the high internal temperature of June 30, the up-stream gauge lines elon- N 9 
‘+4004 
top of the dam, respectively, are shown in Pies. ret to 74. A =| | 
“of Figs. 71 to 7 73 shows sudden elongation | of the gauge length on the up- =| 
4 d stream face at Station 3 U, Elevation 55, within two days after pouring, i. 
compared with a steady change up to June 24, for Stations 3D and4Don 
the down-stream face at Elevations 44 and 53, respectively. 
From the diagram for Station 3 U (Fig. 73) it appears that at the south | ‘one 
end the dam cracked loose from the abutment betw een June 4and June 6. On § % 
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During this. ‘they were found to to “exte nd the deflee 
down to. slightly below the 30-ft. elevation. No other cracks than those which the » water 


occurred in: and along the abutment joints were detected before the first load the slow 
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Fi 
G. —ToTaL STRAINS IN GAUGE LINES oF STATIONS T1_AND 72, aNp E1 To E4 Acros 6. 


at a heac 
filling th 
the to for. a time, the: sprinkling water, was shut off from. Ju une to difficul 


J uly 2. Si caused : a sharp r rise in the internal temperature of all parts of iecunit 4 
when the cooling effect of the water was removed. | This rise vari able Ip 


from 8° cent. in the upper part to about 3° cent. near the bottom. 
other effects seem 1 to have been much the same as should have been | expecte tions by | 


nS 


3 if the temperature - rise had been caused by any other agency than inping © ou the reser 
rr In other words, the drying out out seemed t to have no appreciable effect, except | rose 
it permitted the temperature to > ise, changes 
as ‘The effect: produced durit ing the drying ‘period on strains at representatin did not a 
positions on both faces of the dam i is shown i in Fig. 50. Averaging strains 1 the strain 
four directions at a given 8- 8-point station, it was found that an expansid , 
of from 0.000040 to 0.000080 in. per in. occurred on the down-stream face all ar For h 
— about 0.000060 to 0.00010 in. per in. in. on the up-stream face. After t the watd fae. safety 
again turned on, the strains returned to approximately the 1e values to 
; re: The deflections during this period are seen in Figs. 55 to 58. The maxim “a 
deflection was 0. up stream. It seems" diagrams 
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DAM INVESTIGATION 
the deflections did not entirely disappear for a considerable length « of time after a “4 
the e water was again tumed on. this respect they y correspond very well 
the slow disappearance of the interior temperature e effect. 
_ The change in | widening of the cracks along the abutments is s shown i in 
Figs. 10 to 74, and a discussion of the cracks 3 is given in Section 36. a Bits, ale wit 7 
—Description Load Tests s—Thirteen load tests were made (Table 
\.| #20). The general procedure was to turn off / the sprinkling water from 1 to 4 


hours before the testing, and to begin zero readings about midnight. In gen- 


¥ eral, the zero readings required about 2 hours, although there were consider- 
able variations from this length of 1 time. . The water was admitted behind ~~ 
dam as soc soon as the zero readings were completed, and \ with the earlier tests — -3 


the reservoir was filled first to a height 10 ft. below the | maximum height for 
that test. Readings were taken | at certain positions for with 


ee these , key readings ¢ and immediately : more x water was admitted and ‘the > 
thead increased to the maximum for the test. ig Hint 


~ 


| The first thr ee tests used only the flow of water from Stevenson Creek ; but © 
$0 » long a time was required to fill the reservoir for the 30- ft. head and greater, 


that there was not sufficient time during one night to. ‘take the no-load read- 
ings, fill the reservoir, and take the load readings | unless | the filling of aol 


reservoir could be speeded up. - For these succeeding tests the flow of Stevenson 
Greek was ‘supplemented by water taken’ from Water Tunnel No. 3 of the 


Hf In Test 8 (made on September 4, ‘dal only the | telemeter readings taken 


- at a head of 50 ft, and all other readings at 40 ft. ), the time required. for 

: filling the reservoir was so great, owing to the large quantity of water and 
to difficulty in operating the 6-in. valve in the tunnel, that it w: “necessary 
rts 


Bto omit the key readings in order to complete the test within the time avail- 
varie 


al 


able. In Tests 9, 10, and 11, it was S necessary also to omit the key readings 


at heads of 40 and 50 ft. It was the aim in each test to complete all -observa-- 2 

tions 8:00 A. M., taking as many as time the emptying of 

alee the reservoir. In the earlier tests made i in J uly, this \ was essential because the: 


sun rose ‘upon the at about 8: :00 My a nd introduced tempera 


the strain on the idiatinae was great, and it seemed desirable on to prolong the 
test, except for the most urgent purposes. 

es For heads of 40 ft. and less, there was nothing to indicate that provision 


for. safety i in event of failure of the dam need be made, because there seemed — 
to be ‘no possible | danger of failure. For heads, however, it 


stems rose on the up-stream side of dam wie abou it 10 ft. 
of the center of of the length of the dam (see frontispiece). A A - Tope life-line was 
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etched seross the canyon above this ‘platform: and attached ¢ at both ends _ to 


ald bolts in the: rock. During the test the operators secured themselves 
‘aa means of auxiliary ropes around their waists and looped over the life- line. 


During this test it ‘seemed for a few minutes that these precautions were very 


timely, as a crack occurred and in the it was uncertain how serious 89.— 
At that time werd water stood at 2 an of approximately 5 50 ft. The | through 
dam wa 

ten meter 1 | ends of 

“unsafe. ‘The ‘station for taking: observations, shown in surface 

- frontispiece, was free from. danger, and a a complete set of telemeter readings the abu 
- was taken. These required about 1} hours and as soon as they were com- away fr 
3 pleted the water was s lowered to the 40-ft. level. As the dam had carried the Wit 


. head of 50 ft. during this time without further indication of failure, 2, it was throug 


sidered safe to proceed with the observations, and this }done, il ential 
The readings for | Test 9 were > taken under a head of 50 ft. In alin % joint 1 
a establish safety, the water was is first raised to an elevation of about 54 ft. and this joi 
held there for about 3 hour. — It was then lowered to the 50-ft. level and the tion joi: 
7 readings » were taken. - For Test 10, again taken under a head of 50 0 ft., the the # Also, ix 

water was raised to: the 50-ft. level | as rapidly as as ; possible, and the ‘Teadings constru 


ad For Test 11, the first with a 60- ft. head, it was: not possible to establish Und 


by r raising the 1e water to an an elevation greater than that at which the was est 
-Teadings were be taken; but the same result was accomplished by filling 


the reservoir during the day a and leaving it under the head of 60 ft. from § head of 
4:45 p. M., until 10:45 M., when the readings were begun. gi Li came tk 
Although s safety under the 60- ft. head had been sufficiently established, 
itt the “reservoir was filled during the day for. ‘Tests 12 and 13. This was tion 40 


“necessary because of the. relatively great length of time re required to fill the area cc 
 yeservoir to the 60-ft. elevation. _ Even if the zero readings had been taken coming 


as soon after sunset as temperature equilibrium had | been established, the 40.— 


time remaining would not be sufficient for filling the reservoir and taking § of ceracl 
the load readings before the sun was upon the dam on the following morning. i. dar 


: “4 Therefore, the o order was reversed, _ by filling the reservoir during the day, tak- top of » 
ot, a the load readings about the middle of the n night, and, finally, taking the for obse 
no-load readings after the water had been discharged. — This reversed order Remati 


applies to all the tests at the 60- ft. head. wilt before 
z. In the last test, Test 13, September 23, 1926, especial emphasis was placed subsequ 
on getting a series of readings under heads of 60, 50, 40, and 30 ft. all in the 4 Up. 
same night. was not feasible to take readings for all these heads with all in the e 
the instruments. Consequently, ‘all the s strain-gauge readings omitted early 
except those measuring the change in width of cracks. POE ® ‘Bin evid 
a _ The conduct of the load tests held | much | interest for engineers within reach ae 


a of the Test Dam . Frequently there. were visitors during the day, and on two 


or three. occasions they remained through all or part of the night to observe a 


the tests: The first filling of the reservoir to the 60-ft. level was an event off no sign 


i? 


special interest. Besides: the testing crew, a number of members of the to an 
mittee on Arch Dam Investigation and a of of guests were present 
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ARCH DAM INVESTIGATION 
remained ‘daring the “sueceeding observations. s. The use ‘of the « electric: tele- 
meter made it feasible to take ‘readings of. strain at any ny place without danger 


ine. to the at several selected stations of importance 
ery taken at frequent intervals, the results were watched with interest. 


89 —Leakage. —Throughout the testing, there was extremely little leakage. 
For holding the forms together during construction, bolts extended entirely 
through the dam from the ‘up- -stream to the down- stream face. When ie 
dam was under a head of water moist spots ‘appeared ‘around the down-stream 
ends of about one-quarter of these bolts due, evidently, to water following the — 


the surface of the bolts through the dam. Some leakage also occurred through 
ings § the abutment joints of the dam, and some through fissures in the rock ‘entirely 


With head of less than 50° ) ft. “no ‘Yoakage of kind was discovered 
‘was through ‘the concrete or through a construction joint. ‘Under a head of 50 ft. oi, 
a : a small moist patch about 4 by ' 7 in. appeared at the thostneetal: construction | 
r tof joint 15 ft. above the base of the dam, due apparently to seepage through 
and § this joint. Under a head of 60 ft. enough “moisture came through the | construc- 


| tion joint at an elevation of 20 ft. to wet an area about 7 ft. long and 4 ft. high. 
Also, i in the same test, four or five small patches o: of f moisture appeared at the 
construction joint 55 ft. above the base of the dam. These patches were ‘not 


blish ‘Under the | head of 50 30 ft. rough | measurements were made from which it 

. the was estimated that ‘total leakage was about 6 gal. ‘min. Of this it 
lling seems fair to estimate that 95% came through fissures in the ok. Cine the | : ba 
from head of 6 60 ft. the leakage was considerably larger, but the percentage which 
ie . came through the dam appeared to be even smaller than under the 50-ft. head. Paes 
shed, 


On September 24, after the horizontal crack at the ft. elevation 


tion 40) had formed, some seepage through this crack was discovered. ‘The 
] the area covered | by” quite extensive The quantity of 
taken coming ‘through was very small, being greatest near ‘the. abutment. Tn Pal 

» the hae 40- - —Cracking During T esting Period. —In order to facilitate the — 
aking of cracks, a fillet of cement mortar was placed in the angle at the junction n of 


the dam with each abutment, on the up-stream side from the bottom to the — 
top of the dam. The smooth surface thus afforded gave a good opportunity F 


for observation of cracks when they occurred. This fillet 1 was placed after the 


order formation of | the first cracks to ‘shrinkage or temperature changes and 
before the first load test. a ‘opportunity for determining 
in. the | a Up to the - completion of the load tests, there had been very’ little me 


in 1 the extent of the eracking at the abutment, and i in much of the region where 


4 


nitted early. ‘cracks were formed , and later covered by fillet, ‘no -erack was then 
ct in evidence. if Near the top of the dam a distinct crack was ‘to be found at 


each end on the up-st -stream side, for a depth at the south end of about 10 or 


mn two 19 ft. At the north end the dam seemed to be free from the rock ¢ on the “up- = 

bservé stream side for the upper 4 ft. - There was then ‘an interval of about 3 ft. with | * 

ent of ‘sign of a break. ‘Below this point a a a crack appeared intermittently | down 


to an elevation of about 36 ft. Below that point to Elevation 30 there was ni 


to 
Lves 
— 
— 
The i 
— 
how — 33 
Are 
lings 
— 
a 
a 
a 
— 
, tak- 
g the 
— 
= 
> 
— 
— 
at and 


- 


ARCH DAM INVESTIGATION 


crack “except the old | “one which appeared soon after the ‘completion of t the 
ham this was with fresh mortar the mortar did not crack. 

re occurred at the bottom of the dam, 

in the joint the concrete rock on the up-stream | ‘side. After 
the first indication of the imminence of this erack h 1ad been given by 

us = telemeter reading in Test 4 with a 30-ft. head of water, frequent read- 


: ings were taken during the remainder of the test, as recorded i in F Fig. 7 (5. b A 


por elongation on the up- >-stream side indicated a stress greater than 

the concrete or its bond with the rock could be expected to resist without 

eracking. TI he largest reading indicates an elongation within the 6-in. gauge 

length of about 0.0014 in. also’ appreciable compression in the 

_ telemeter- embedded in the rock on the down-stream side. After the reservoir 

had been emptied, the resistance in these telemeters returned to the previous 

“load value. ‘There is no doubt that a crack occurred ‘before the 40-ft. 

hea d of water was reached since after that. test, when the “reservoir was 

a emptied, the e resistance d’ did not return to a value even within the range of the 


4 


Fig. 75. i RECORD OF MovEMENT AT FOUNDATION UNDER 30-FooT HEAD OF WATER 


After noting the possibility of a a crack at this: and that 


“its width, under higher heads would probably be | out of range of measure 
2 ROS 1 iti 
‘ment with the ‘telemeter, o1 one. of the resistance micrometers, designed to be 


used in connection with the towers for the measurement of deflections, was 


equipped for measuring the opening of this: crack. This micrometer con: 
sisted of a coil of | resistance wire, Portion. which was out with 
de ecrease of the gauge length over which the instrument operates. instru: 


1 

ment» was calibrated for movement, in inches, against resistance of the | coll 

(Fig. 26). “th adapting ‘the instr ument to the measurement of the crack unde 
water the essential feature w as its | protection | against leakage into the resis 


tance coil and into the lead wires extending from it to the observation platform 


The pr 


inner 
attach 
acni 


nifican 
temper 
the dai 
tion of 
ing of 

upper ¢ 
in Fig. 
might 


| 
is not 
} 
i 
bars 
f 
— 
— baad 
— 
— 
— 
is 
In 
extendi 
— on the 
measur 
— ound t 
| 
— W 
— spondiz 


The protection consisted of an envelope made from a portion n of an ee 
inner tube, + and it operated satistnetority for the purpose. The method 


dam, attachment is indicated in ‘Fig. 78, Section D- D.- Fig. 76 shows the amount 
After of opening of this erack for Tests 6 to12, edt 

n by _ Although the agreement in tests under ‘the same head of water 
read- § is not ‘perfect, ‘it is sufficiently good to show that the measurements are sig- - 
A nificant of the opening of this erack. It ; is not unlikely that differences in _ 7 


than 
thout 
yauge 
n the| 
vious 


40-ft. 


temperature for successive tests would be sufficient to cause the cracks between — 


the dam and the abutment : near - the ‘top to vary in width before the applica- 
tion of pressure. Such 2 a variation in the ‘upper ¢1 er racks would cause an open- 
ing of the one at the bottom to start earlier or later depending on whether the 


upper cracks | were wider or narrower. For these reasons, the variations, shown 


oe Fig. 76, of the width of the me at the bottom, do not seem greater than 


was 
was 
| 


bar. 


° First Yes! with each head ee 


+ + Second lest with each head 


16. IN WIDTH OF CRACK BETWEEN DAM aA 
In Test 8, a vertical crack very nearly on the exact center line, 
te extending from ‘the top of the dam downward to approximately Elevation 
ity om the down- stream face and. to Elevation 55, the up- stream face. a 
~?  Emeasured with a ‘seale and magnifying glass, the crack width| on the top was 
with »fffound to be — in. on the up- -stream face and — in. on the down- stream > face 
the coil after the water had been Bardia to an elevation of 40 ss The strain observed Be 
k under n. 
resis 


i 
rack: 
tm 
4 
— 
— 
— 
| 
. | 
| ~ "Average of readings | | | 
| 
| 
a 


ee 2 iii is —s known at just what instant the crack appeared, but it does not 
_ Seem likely that ‘it occurred before the water reached a h head of 5Q ft. . At this 


> static tensile stress due tot o the water Dremmune ‘could not t have been 
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“initial stress in “conerete ‘the, of the test, the dam 

had been kept wet by means of continuous streams ¢ of water from a sprinkler 
- pipe up to within about 2 hours « of this time. - When the water level reached 
«50 ft. it was necessary to open the 24-in. valve to control the water level. 
‘There was” evidence of considerable vibration i in the dam when the valve was 
es and it is ‘not improbable. that. the crack occurred during this 5 vibration 

and partly on account of it. In Test 9, instruments used for measuring the 
= in width of t the erack during filling ; and emptying of the reservoir, 


vibration with an. amplitude of 0. 0005 in... when when the 24 in. n. valve 


At the close of of Test 8, 8, as the water was being discharged, /Sstrain- gauges 


. held o on 1 the , concrete across ‘the: crack indicated a closure of the crack ¢ on the 
oe down-stream side of 0.013 in. and on the up- -stream side of 0.0031. in. a’ Jith 
"removal of the water after Test 8, the crack remained open about 0.01 in. and 

ee: rather slowly y until in 1 the “middle. of the day it disappeared almost 
% entirely. ‘After removal of the water in Test a the crack immediately closed 

almost completely. That there was no seepage through crack \ confirms 
oe the obser vation ‘that it did not extend all the way through 1 the dam, down as 


In later tests measurements take n showing the in’ width of| 
50 ft. had hei, a reached; said from that time on until the water reached the 


top: of the dam the crack closed progressively. Evidently, the cause of the} 


feet 


wae 


Head 


shows that it began opening under§ 
to 0 open until a head of from 45 ta 


closure was the direct compression (arch action) which apparently extended] { 


only a short distance above the water level. The indications a negative 
"opening of t of the crack on the up-stream side of the > dam under the full head 

(60 ft.) may be satisfactorily explained by assuming that the crack | was open 


when: the zero reading on the instrument was made. _ Therefore, the diagram 
would indicate that the crack was” further closed at the top of the dam with 


= 
the reservoir full | ‘than with it empty. . By the end of the testing ‘program, 
this crack could be traced down to an elevation: of 41 ft. on the down-stream 


gen: 


_ During the first test to a head of 60 ft. the highest tensile stress found 
based on the observed strain and a modulus of elastici city of 3 600 000 Ib. per 
sq. in, was about 520 lb Ib. per sq. in, ‘This was in a horizontal direction at the 
an down- stream side at Station 6 across the center line near the bottom of. the 

dam. At the: time the ‘filling of the reservoir was. ‘complete the -telemeter 
readings | indicated that there was no crack at this place. The full head of 
60 ft. was reached about 4:45 p. ., and this head w was held until 10: 45 P. My 

when the deflection, strain, and other o bservations began. By this time the 
ae strain at the ) place where the stress of 520 |b. . per sq. in. had been send had 


calibrated of the telemeter, and it was ‘evident ‘that a 
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Test N° 9 mar head 50 


> a 

Fic. CHANGES WIDTH oF CRACK AT CROWN ELEVATION 

Pius This verack did not extend entirely through the dam, at least at the time or 


of the last telemeter readings, “up-str 


for the telemeters near the up- -stream. face at 


4 
of the dam. However, there was a ‘slight amount of ‘seepage 


crac 


An attempt was made to to search for cracks on | the up- “stream | face of ihe. 

dam in this region, but an effective examination could not t be made ee 
of the large quantity of falling water which « could not be diverted through - = 
“over- -sluice. The width of the crack on the down-stream face was not meas- 
ured, but it appeared to be not more than 0.01 in. wide at the widest —ll 

- Between Tests 5 and 6, a thin mortar patch was plastered smoothly across’ 


each construction joint On the ‘down- stream, and also on the up- ‘stream, face 
of the dam in such position that it ‘was crossed me the vertical center line. 
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AROF 
eB Most | of the : patches were about 4 in. square, but the one at the 30-ft. « elevation - roe 
extended across the full length of the dam. These patches were provided to. part 
furnish a means of detecting ‘more accurately the time of the formation, that 
and the location of, the cracks. bomedrgas ol bata: 
After the program of load testing had been completed, ‘the dam was left” 
under the pressure of a 60-ft. head of water from September 23 to 25. 25, At 
_ Elevation 30, the mortar patch covering ng the construction joint was cracked 
a; the way from the abutments to within . a a few feet o of the center. At the 
: — «B5- ft. elevation the mortar patch a across the construction n joint at the center of 
the dam was cracked. . These were the only horizontal cracks found in the dam. 
The extent of the cracks after the flood of ach is discussed 


briefly yin 1 Section 46. 
—Temperature Variations (During Load Tests. —These variations: are, 


"shown i in Fi ig. 47. een Load Tests 2, 3, and 4, there \ was a maximum range 
temperature of: about 8° cent. For the other tests the variation was 
# smaller. However, er, the temperature | variation from one test to o the next is of 


comparatively slight importance in its effect on the strains developed, since 


‘This condition was met in ‘this talline a set of 
; no-load readings for each load test, and therefore not depending on zero read- 


ings taken ata a previous time. > 47 shows the difference in temperature 


between the times of taking the the no- load readings and the load readings for 
a each test; the difference was less than a cent. _ for the great majority of cases. 
In one case, it was 8° cent. The significance of these temperature differences FJ 


_ may be judged by | the fact that the effect of temperature change on the strains | 
is approximately equivale mt to that of a stress of 30 Ib. p per sq. in. ——. 


—Movement of it had been planned that 


i movement of the bed-rock should be measured by triangulation methods, but 


Be oid cured. lie method was, therefore, substituted involving the use of + -in. invar ar 


steel bars extending between the the relative movement of which was 


8. 


t 
ks _ For the radial movement of the bed-rock near the bottom of the dam, 


= an invar steel bar 17 ft. t. long (Fig. 78) was attached at one end to a steel 
ca plug set into the rock just below the down- stream face of the | dam at an eleva- 
tion of about 1 ft. The bar was carried along the face of the canyon and, at its 
= stream end, bore against the plunger of a 0. 0001-1 ‘in. Ames gauge which © | 
= attached rigidly to the face of the rock wall. + The i invar bar was supported ; 
at frequent intervals along the leng th of a 4 by 4in. timber which spanned — 
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rock moved, ies to the pressure of the water , it. seems s likely that the greater 
‘ part of this movement would be w within the first few feet next to the dam, and 
& that dag ) movement at the down- stream point of of attachment to the rock w 
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8° invar rod ot olox 60.7 ft 


Saction £- 


» 
“LOCATION oF STATIONS FOR MEASUREMENT. MOVEMENT ~Brep-Rock 


‘Rea dings were first taken with this a epyeratus ; in Test 6, in which the maxi- ’ 


mum head of water was 40 ft. Although the bar used was of invar steel, 


_ the e readings were somewhat affected by temperature changes during the test. 
Daring the release of the water from the re reservoir, the time involved was sO 


short that the temperature changes were very small. For this reason the 


‘readings taken during the emptying rather than - the ‘filling of ‘the reser voir 
were used. Fig. 9 the measured ‘movements for Tests 9, 10, 11, 
and» 12, In Test 6 ai the total movement due to the entire head of 40 ft. 


ig 

Was measured and this amounted to 0.00076 in. ‘The largest movement 
curred with ft. head and averaged about 0. 0015 [2 in. for the two tests in 
which measurements were taken. Fig. 79 shows considerable divergence. of 


‘measured movements for different tests, but the agreement is sufficiently good _ & 
to indicate approximately the magnitude of the | for var ious heads 


Movement ¢ of the abutments along the direction of a _ long chord, that oa 


the spreading of the “canyon w alls, as measured at Eleva ations 17 and 3 33, is 


“shown in Fig. 80, with corresponding heads. of water. For taking these meas- 
urements a 3-in. invar steel bar w was attached to a heavy steel 


the the north end of the dam at each of these 
Fig. 78). Each ‘bad the “direction of f the long ch chord to 


the south abutment where the end of the bar bore 


on — 
ag 
on, 
or — 
4 ae 
— 
i 
var 
was 
Qi 
and 
— 
am, 
va- 
| 
Lich 
ned 
ae 
— 


ARCH DAM INVESTIGATION 


Tes 


ELEVATIONS 


= 
rd, a 


a “ho, 


tion 


80.—MoveMENT oF BED-ROCK AT 


: 


. PR Wee 


pod 


| 


AT 
7 


Ole 

Brep-RockK 

Ob 


ae 


4 inthe 


o 


1-Foot ELEVATION. 


‘ 


Ar. of all 
MOVEMENT OF 


_ 


ADIAL 


—RAD 
my 


Downstream rover 
79.—RADIAL 


: 


agains 
lengtl 
ony 
presst 
— 
4 
— 


? 


ARCH DAM INVESTIGATION 
against the | plunger of an Ames gauge attached — to another when embedded 
int the bed- “rock. ‘The method of supporting the ‘invar throughout its 
length and t the end connections with a the r rock, were similar to those for 


gave sum of the at the two end ‘Iti is 
this total movement along the chord length that is plotted in Fig. 80. The = ; 

“installation for these measurements was not made until just previous to the 
| first test toa head o of 6 60 ft., and the 1 measurements were made ¢ only i in Tests 11 _ 
nents: the two ‘tests with 


12. The > agreement of the measured movements for 
“each, is very good. average movement for head of of 60 f ft. 


™ 


at the 60-ft. elevation movements of points at the north and the sou south 

were measured independently. For conv enience the measurement at the 
north end was approximately in in ‘the @ direction 1 of a a tangent to to the dam at a 
“point, while that at the south 1 end was approximately along the direction of 

¥ the long chord. The method of measurement was . substantially the : same as 

at the bottom. The ‘movements of the bed-rock found at Elevation 60 are 


‘shown in A Tt will” be they w were very small and in 


) 
> 


‘the deflections the amount 0 of strain due to direct compression. ~ Aer hls 
. 4 This spreading has | been compared - with | corresponding values determined 


-analytically* for the 60- ft. head of water. 7 In making these computations 
the equivalent loads carried by direct compression, as shown i in Fig. 118, were 


“used to determine ‘the end reactions at various heights of the dam. The 
WwW, per unit area Corresponding to these reactions | are used in 
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movement - the abutment due to the arch thrust. 

j B= = modulus of elasticity. of the bed- rock = 2 000 000 he per sq. in. 


an *“Ueber die Berechnung der Fundamentdeformation,” by Dr. Fredrik “Vogt, pub. 
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a = width over which the pressure is applied ; case | the 
adi Ae thickness | of the dam to on 


be b= the length of the rectangle of width, a, over 
w, must be applied in order to give the ‘movement, 41. l. 


am The value of 41 resulting from the use of the formula depends principally 
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-Foot 


BA considerable variation in ‘the assumed ratio between a and 0 will have 


_ The values of modulus « of elasticity and Poisson’s ratio given here, ae 


‘based upon the tests of samples of granite taken from the foundation, as 
described in Sections 52 and 53 . This equation for 41 gives only the move- 


ment of the bed- -rock due to the direct compression. a Vogt’s paper in- 


Bup-Rock FOR 60 


‘ AND COMPUTED MOVEMENT OF 


4 
cludes also an equation for the movement due to the bending moment at the 
abutment. movement was computed for the 30- ft. elevation and found 


ag 
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The Tesults of the measured and computed movements of bed- rock under 

a head of water of 60 ft. are | shown in Fig. 82. The ‘agreement between the 


computed and the observed | ‘movements is sufficiently good to indicate that 
&. Vogt’s analysis: is of value in determining the movement of bed-rock. 


4 48.—Deflections Due to —These 2 are ‘shown i in Figs. 83. to 
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«dam, are shown in Fig. 83 for all tests. The lowest point of maximum — 
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eflection was at ‘Elevation 25 the highest at Elevation 5. The most 


"prominent feature o: of this deflection curve is the sharp. break at the 30-ft. 
discussed in Section 40, a crack between the dam and the 

 fetedatie, at the center I line occurred. when the head of water had risen 


al This fact may appear to explain the sudden break in Fig. 88, but | closer 


examination shows that it is not sufficient. _ ‘This i is clear from the fact that 
the maximum deflection under a 30-ft. head was ; practically the same as that 
the tests made after the crack occurred, and after the application of 
60- ft. head of water. Te Test J 13, the deflections were e observed under 60 , 50, 
ee 40, ‘and 30-ft. heads, successively, and the maxima are shown in Fig. es. 
ae If the formation | of the rack had been responsible, the break would not have | 
7 ay found for this: test, made under decreasing heads. ‘That there is, how- 


| eae arrangement of the deflection curves in Figs. 84 and 85 for different 
- vertical sections, permits a comparison of deflections at different places at 

_ which, for reasons of symmetry, the deflections: should be equal if the dam 
is perfectly “homogeneous. a agreement is good and indicates: both a fair 
degree of accuracy in the ‘measurement: of the deflections ons and a fair degree 
“homogeneity in the dam. Although the differences wer were slight, generally 

the e deflections for points south of the center line of the dam were greater 
oe than for points north of it. This difference ced be due to slight 1 lack of 
Pe homogeneity ix in 1 the e dam, ‘to variation ir in the 1e rigidity « of the foundation rock, 
or. to variation in in the rigidity of the connection between the dam and the 
foundation, The degree of ‘symmetry in the deflections i is high and warrants 


the averaging of deflections and strains for symmetrical points in order to 
ae obtain more reliable values. . This was done in the err deflections: 
_ In the test of Emigrant at ‘Talent, inside sili the 

n ¢ c. C. E., a member of the Committee, it 

found that ‘there were an up-stream deflection. On n account 
of certain inconsistencies in n other parts of the data some doubt remained as 
to whether the ‘up-stream deflection actually occurred. In the Stevenson 
Creek. Dam test there were slight up- stream deflections near the ends of the 
dam, first under a head of water of 30 ft. As the head increased, the amount 

of the up-stream deflection increased, becoming as n much as 0.1 in. with a 60-ft. 

head of water. It is shown in Part VII that the celluloid model of the Steven- | 
Creek ‘Dam, tested at P Princeton n University, gave up-stream deflections 
= similar to those of the ‘actual dam. With this double confirmation there 
need no longer be any reason for doubting the indication of an “up- stream 


of the Emigrant Creek Dam. vedo bal 


x region of -down-stream deflection at the top of the Stevenson 


4 


and the remaining 45 to 40 ft. at either end deflected up > stream. - The measure 


ments show that! deflections occurred at the 60, 55, 50 45- ft. 
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n is t that it probably occurred at the the 40-ft. eleva- 
mn, but t the: deflection stations at the 40- ft. elevation were not so distributed 


8 point. F or the 30- ft. _ elevation 1 and below, there 
The deflections for the 40-ft. head water ig. 90) in the ‘upper part of 


tt the center line of the dam, both « up stream ‘and down vn stream, were considerably 


“greater” ‘under the same head after ‘the crack than before, but the points of 
zero ‘deflection \ were not greatly changed by the formation of the crack. 


= deflection as measured on. J anuary 5, 1927, is given i in Section 4 46. 
4 Abe —Tilting of Dam. —The level bar measured the change in inclination | 


* the section to which it was s applied. ‘The clinometer measured the average 


1 
possible to use the level ‘bar to inclinations found by t the ‘clinometer. 
inclinations by the two ‘methods were practically the same, indicating 


that: both instruments were: behaving satisfactorily. The degree of agree: 
“ment at the elevation on the clinometer lines, 10 ft. either side of the 


eenter line, is shown in Fig. 92. With» the clinometer only approximate 


| ation at the 10-ft. elevation could be determined, since only average in- 
-clinations at approximately elevations of 2 5, 4. 5, 12. 5 ft., et ete., .. were available. 


a. If. the change in angular inclination of a horizontal section of the dam 
at the bottom, due t to the applied 1 load, be deducted from the change i in angular — 


% inclination of a section 5 ft. above ‘the bottom, ¢ the difference will be the angle 
_ 7 th hrough which the dam has bent within a height of 5 ft. ~ Also, this difference 


7 ~ in inclination divided 1 by the height will be equal to the average value of ——. 


ae = The lowest clinometer | gauge line measured the change in ‘inclination of the 


dam i in n the first 5 ft. at the bottom, and 1 the eral bar station was so arranged 
es 


s to measure it with the level bar at the bottom. eo: eRe: rr | 
‘Tt had been planned to deduct the inclination measured with the level = . 


from that measured with the clinometer | to determine the bending i in the first ol 
+B ft. Itw was found, however, even after deducting the change in inclination ‘ 


at “a bottom that the remaining angular change was so large it could not have - 
occurred within the 5-ft. gauge length without producing ¢ an unreasonably 


large stress. «wit “was not possible, therefore, to use either the level-bar or the 
_ clinometer data ; in deriving the moments and loads at the bottom of the dam. 


‘The manner of determining the moments and Toads for this of 


‘The use of the level-bar data i in this manner depends on on the assumption | 

‘ conservation of plane sections. ‘If the sections do not remain plane, the 
“projecting ends of the bars forming the brackets for r the use of the level- bar. 

stations have approximately the inclination of a portion of the section 
near the down- stream face instead of f the inclination of the section as a 


‘Even the I-beams that were embedded solidly ix in the rock would be 


bent by the same forces which caused distortion of the section from om the plane, 


throwing the level-bar results into error. The clinometer brackets = 


extended only ‘about 12 in. into the concrete and where these brackets | 7 
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‘effect of from a plane ‘than would the -beams i in 1 the foun- 
dation rock. Above the bottom, howeve er, , the distortion, due partly the 
= bearing of the toe of the dam on the foundation, would gradually dis- 
_ appear and. the agreement, just t noted between the inclination of a section at 


- the 10- ft. aaa determined by the clinometer, with that from the level 


+--~-Clinome er between’ 5 Sand 


elevations 
4——Clinometer between 00 and 
elevations 


in inchnation , inches in 60 


Note: Abscissas fo correspent to of the higher points 60 in. apart vert tically, 


Fic. 92. CHANGES OF aT ELEVATION 
ik BY CLINOMBTER AND LeveL-BAR, 
Fig. 93 is shown the in inclination measured by the level bar 
is ane the bottom of the dam for different heights of water, also the ¢ average change 


of inclination as determined by the clinometer for the lowest station. 


differences between the abscissas- of these two curves is a ‘measure of the > 
_ average bending st stress in 1 the gauge length (Fig. 93). In these computa- 


tions of stress the modulus of elasticity v was at 600 000 Ib. Der sq. in. 


bottom of the These stresses are much greater than 
a from the | strains measured on the surface.o of ‘the dam 1 with the strain- “gauge 


_ The effect of the vertical crack at the top of the dam on the change of im 


4 
inclination under the 40- ft. head of water is shown by the double set of v values * 


each curve in Figs. 92 and 93. One set represents ‘eonditions before, 


77 

Clinometer Line 3 3 was "directly over -sluice. it the slab_ had 


been lacking in ‘stability, it is likely that there would have been tilting of 


a base of the dam at this ‘point and that this would have shown up as excess 


deflection ; for Line 3 over - that in Line 5. . The base of Line 5 was on solid 
_ rock, and the deflection at this line was slightly greater than that in Line 3. , 
The difference is very slight, however, and merely confirms the cconclusioin 


that ‘the | presence of the under- sluice did not affect the homogeneity of 
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by tt the water pressure Fig 95, 97, 99, ‘and 101) in n general, 
4 a horizontal direction, ‘suggesting some degree of uniformity | in the bending — 
_ noment t at a given height ain the various vertical | elements. — The lines" of 


equal horizontal strain (Figs. 94, 96, 98, and 100) show considerable symmetry 
about the vertical center line. indicate that. the points of greatest 
strain were at approximately. the 25-ft. elevation and close to the abutments 

and show a marked variation along omy horizontal or vertical element. ; 
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ad of water, fee 


— Stress from Bar 
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to downstream movement 
| of the higher of 2 points 6 


inches apart vertically. 


Chang in , inches 60 inches 
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Fic. -93.—TiLTING at Bottom oF DAM AND 


BASED ON CONSERVATION OF 


“shown i in Figs to 99, on may be pes in these 


the four directions, 45° _apart on 1 the down- 


vere an y three o of these strains are sufficient for determin- 
a = the amount and direction of the maximum strain, four combinations are 
= Possible, and fo four different directions | for the maximum strain will result if 
there is any error in the « observations. ‘The’ directions. were re computed for all 


four combinations at each point, and “the average direction and amount ar 


given | in Fig. 102 for : al head of 60 ft. of water. The « extreme ‘Tange of dir 
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te Fic. 99.—LINEs oF EQUAL VERTICAL STRAINS ON : Down- STREAM FACE FOR 40- 
HEAD OF WATER AFTER CENTER CRACK AT Tor Hap 
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_ Fie. 100. .— LINES OF EQUAL ‘silane STRAINS ON DoWN-STREAM FACE FOR 40- -Foor HEAD 
WATER BEFORE VERTICAL CENTER CRACK AT TOP Hap OCCURRED. 
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a, Fie. 101. —Lines OF EQUAL VERTICAL STRAINS ON Down- STREAM FAcE For 40-Foor Heap : 


OF WATER BEFORE VERTICAL CENTER CRACK AT Top Hap OCCURRED. 
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Fig. 1038 for each point. 


shown in Fi Fig. 27, which consist of four gauge lines, and dD. 


a generally a are eat the e elevations that are multiples of 10 ft. The arrow 


e average of the directions for the individual — 
9 values of the larger principal strain found for Tests 11 and 12. ly eyo i 


Fic 208, ME RANGE or ‘PRINCIPAL ‘STRAIN FOR Foor OF Waren. 


At 


For the ‘sake simplicity in Fig. 1 


be nearly same ‘as the horizontal strain. 
with Fig. 94 shows that this is s0. . Below the 20-ft. elevation, the principal — 
strains ‘near the. foundation were, in “general, nearly perpendicular the 


abutment line. ‘At interior points they approach a horizontal direction, the ats 


‘principal: e eption being on ‘the vertical center er line ¢ of “the dam near the 

top and bottom. Here vertical have, occurred and the larger of the 


prineipal strains approach the vertical instead of the horizontal. er 


ag Since the larger principal st strains generally took a horizontal direction, — 


smaller must have taken a vertical direction, Thus, it will be seen that 

ta the division of the dam into imaginary | vertical and horizontal elements for the | a 

: purpose ¢ of analysis, not only s served the ends of : simplicity, but also f for the most = 


part furnished a means of determining the» maximum s 


ter of fact, the largest principal strain, shown i in a Fig. 102, ‘is 3 only ( 0. 0002, bite 
the largest strain in the horizontal direction, shown in Fi ig. 94, is 0.00 008. 


due to as in Section 35, indicates 


- tations (as 

| 
— 
‘ 

— 

| — 

EAD 

— 

— 
— 
two principal strains at right angles. 

02, the directions and amounts of only 

“| 

= 

EAD | 

= 

; 

§ reason tor this is that the horizonval strain Of Occurred at a staulon 

only horizontal strains were measured, and the principal strains could 

not be determined at that of 0.0003 corresponds to a stress 
= _ of approximately 1100 lb. per sq. in. with a modulus of elasticity of 3 600000 ae a 
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the concrete was not near failure by compression. _ — 
 46.—Effect of Flood—After completion of the program of tests the stop- 
we closing the sluice beneath the dam were > removed with ‘the expectation i 
4 7 - that all water entering the reservoir would be drained through this opening. 
November, 1926, however, severe storm caused a flood which deposited 
much rock, débris, and sand that the under-sluice was choked and the 
‘reservoir { filled with water. Probably the wrecking of ‘the observation s seaf- 
folding helped to choke the under-sluice. depth of the deposit a at the 
a. up-stream face of the dam was about 40 ft. on January 5, 1927. i> a 
Water flowed over the dam from November, 1926, until eens the middle 


Bod the summer of 1927. height of the storm, of November, 1926, 


The water, 

with the débris carried by it, washed out or the 

observation 1 platforms on both the upstream the down-stream faces of 
a the dam. _ The stems of the 24- ‘in. and 6- -in, . valves and the wiring of the 

a electric t telemeters close to the face of the. dam were torn loose. wrth 

It has not been possible to make any observations v with clinometers or 
 telemeters, but observations of deflections made with the theodolite on a anu- 

: ary 5, 1927, on points placed at the erest t of the dam, indicate an increase 
the ¢ down- stream deflection, compared v with that for ‘the 60-ft. head on Sep- : 


tember 22, 1926, of about 01 in. at the center line and 02 ‘in. at ‘points 30 


ft. away from the center line. 


inspection of the dam on January 5, 1927, about in. of ‘water was” 


flowing « over the crest, , indicated that the cracks had not extended appreciably i in 
- length, nor had the erack it in the upper part of the « dam increased noticeably 
in width. The ‘erack near the bottom of the dam, however, was wider and” 
"whereas tly ‘October 1, 1926, it stopped about 2 in. from the bottom, « on January 5 
it had extended all the way down. On the whole, it may be said ‘that the 
oe dam had been little affected by the | sev ere test given ‘it by this storm. iol 


another storm visited the vicinity of the and the 


and toward the ‘line to an elevation of about 21 ft. On 
26, 1928, a similar crack was found north’ of the vertical center line. ES ie 
possible that the latter crack was presént : at the time of the examination 
in July, 1927. These cracks are i indicated i in Fig. 104. It is not known what 


caused them. They have resulted. from a blow from a heavy "boulder 
; _ thrown a against the up- -stream face by the force of the flood, or they may have § }._. 


lever 
‘been caused by the pressure of the débris with which the reservoir was filled 


nearly to the top. No other damage to the dam than these cracks and an « d 
imereased amount of leakage is evident. ne ‘The profiles of the débris in the 


tors’ 
ns at its line of contact with the up-stream face of the dam as. deter- § 


isa 

mined on. 5, and again on Jt uly 16, are, ‘shown in Fig. 104. 
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—Factors INFLUENCING Repuction oF OF Data 


the use a term the modulus of ‘atid Poledea’s 
ratio. Sometimes short- cuts have been used i in the operations, vat these steps” 


are involved directly or indirectly. The moment ina member when the stress 

is known, is given by the which, is resisting 

moment in the 1 ner nber is the stress; is the mor ent inertia; and 


known. ‘This: at beat: is an approximation, but a very close” approxi- 
‘mation for the case to which it applies, that is, a straight beam with parallel 
_ tension and compression faces. If the faces of the beam are not ‘parallel, 4 


or if the axis is curved, this formula does not apply and it becomes important 


am 


to ascertain how great are the errors” introduced by its use in determining — 


+ 


Nhe 


104. —ConpITI0n OF CREEK DAM AFTER FLOODS oF 1927 


ies the determination of moments from the deflection data of the i 
meter, differentiations of the d deflections are made in the direction in which 


‘we 


“the moment is to be determined. ink The deflection, however, includes whatever 
part. is due to shear. is Consequently, the resulting moment is in error by the 
fa In the determination of. loads from deflections and strains, differentiations | oo 
performed along vertical and horizontal elements, will give ‘bending loads 


which would be carried by these elements if there were no no physical contact 


between them, that is, if the cantilevers were entirely separated fom each 


“other ‘and from the arch ribs. However, because the cantilevers and 


levers and adjacent arch vibe which transfer moment. from ¢ one element 


next. Neglecting the possibility: of this transfer. of moment n may intro-_ 
duce appreciable e errors into the resulting loads. A study of the axidount of 
in the dam indicates, however, that for all places where information 
is available, the torsion was ‘small and m may be be neglected i in the 
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The term involving modulus o of elasticity and Poisson’s ratio is an essen- | 
tial part of the determination of the stress an and the moment at any point. 
However, it is almost impossible to determine exactly the value of this 
Even if there were no chances for error in| determining the stress- 


strain curve, because of the fact that this curve is not a straight line, the 


modulus i is not constant ¢ and the assumption that it is introduces: some error oi Eq 
into the results. ‘It is not practicable to make determinations of stress at all | ‘ stig 
points taking account of the variability of the modulus of elasticity. -More-— k=- 

_ over, it was found that the results were affected only slightly by the differences a: | 
in the ‘modulus: for different portions of the stress- strain curve. To keep the q Th 

within bounds, it was, 3, therefore, expedient to assume a constant modulus makes 
elasticity, and ‘the determination the most probable v value for this 4 
modulus is of ‘the greatest importance in the complete i of the -surfac 
= test results. “Section 52 shows how the modulus may be determined from the a section 
of the dam itself. These comments on the modulus (of elasticity apply was 

—Effect « of Taper in Lower Part of Dam on Determination of Vertical pT 


Moments—It has been pointed out that the use of the for formula for beams invols 


parallel surfaces in the determination of the moments from the strains tion t 
7 introduces certain errors. . An effort has been made to o determine » whether in | 2 
the Test I Dam the error so ir introduced | is sufficiently important to o require a — 

correction. for the > taper in the lower part of of the dam. 4 The error is ; due to the ae 

that in the « quation : ‘oe in wih 


he stress, 6, should ore" in one of the two ‘parallel faces of the ‘beam. | In 
a ver ileal section, | of the Test Dam the down-stream face is not parallel to 


the up-stream and the vertical with the strain-gauge 
and telemeter were observed on. the sloping face. 


‘he strains determined the clinometer data, however, are strains 


normal to the horizontal section of the beam and no correction for the taper 


Tt may may be shown that with a beam of : any homogeneous material in which | 


stress is proportional to strain, the moment on any plane section that remains 


: plane after bending i is given by the expression: ‘eee 


which, is the “normal” stress in the extreme fiber, that is, the 
on normal | to the section considered. _ However, the maximum stress at the sur- 
— face must be parallel to the ‘surface and both the shear and the stress at right 
angles" to the surface must. be zero.* For any particle under this condition 
stress, the stress, at any angle, a, with maximum stress, 6,,, is, 
Therefore, if in Equation the normal stress, on angle, a, 


‘the maximum stress that may be written: pf 


: * “Stresses in = Shaped Reinforced Concrete Beams,” by William Cain, M. Am. Soe. x 
- Soc. C. E., Vol. (1914), p. 745. 
chee 
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—Cain’s the section taken so that the ) stress, 6, 


‘makes an angle, Q@, with the “normal to: the 
‘equation: 


k cos® 


= 
Equation (4) is for a “reinforced beam. For a he homogeneous 


= 1 j 


> anc »and Equation (4) reduces to the form of Equation 


There may seem to be inconsistencies in taking the section so that it 


‘makes an angle other than | 90° with the neutral axis. ‘Hence different 
onde was made u using a a circular « cross-section (Fig. 105) normal to both : 
mactaces, of the beam and to the neutral axis, which lies in the center of the 
“section. The moment of the st stresses everywhere normal to the cireular section 
¢ considered. ‘The maximum value of the angle, 6, occurs at the bottom 


of the dam and is about — g Tadian, oF about 10 degrees. N eg lecting terms 
“involving the third and higher powers of 6, as being very alan in propor- 
to the value of M, the formula becomes: 


s of the dam at the heighe 
” section ; 6 é,., » the bending stress in the extreme fiber normal to the sinctlion sec- 
tion; 6, one- -half the angle between the up- “stream face and the tangent 
to the down-stream face, that is, , one- -half the angle, a, of Equations (3) and 
(4). The angle, 6, is in radians. 
“ie There is also a a direct stress due to the inclination of es: section assumed. _ 
The moment in | terms of the total stress, Oy the sum 0 of bending and di 


—_ 


The y of Equation | (6) is ; the vertical “distance from tie section under con- 
"sideration to the | point of application of the resultant force. ot w was deter- 
1ined by dividing the average moments found in Tests 11, 1 2, and 13 at the | 


. rious heights by the shears found from the same tests at the wesien 


The | coefficient, cos? of Equation (3) and the coefficient, 


e mpute able 
“Stresses in Wedge-Shaped Reinforced by William Cain, M. Am. Soc. 
E., Am. ‘Soc. C. E., Vol. LXXVII (1914), 745. ct 
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| 21. = FoR CORRECTION or MoMENTS DETERMINED FROM 


"Angie, in degrees and | cos? 26 = cos? a! 7 


radians. minutes. ( 


2 


99960 
i 


0. | 0000 
0.96625 1.00177 
0.96851 | 


Hun 


At the 5- ft. elevation of the dam, the angle, 6, is approximately 0.15 


radian. For this | elevation, Equation (3) as corrected gives a value for the 


‘moment about less than that obtained by the effect of the 


Gains formula 
wits. wal t +---Moment corrected for laper from 


Ne 


40- 

‘on 


ia 
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Fic. 105.—CURVED SECTION LINE UNDER 60-Foot HEAD. 
DETERMINING EFFECT MoMENTS CORRECTED FOR TAPER 


which the moment of (6) is than the section which 


(3) applies (Fig. 105). ‘The moments determined from the: strains 
“by means of Equation (2), without correction. for the > taper, are shown as a 


“ak _ solid line in Fig. 106. The corrected — as given 1 by Equation (3), are 
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“indicated by triangles. The corrected moments for Equation (6) are indicated 

by plus ‘signs. . It will be seen that the dotted line fits both sets of corrected -_ 


“moments equally well. The indication, therefore, is that the correction of 


the moments found by Equation (6) is ‘equivalent, for this case least, 

to the similar corrections given in Equation (3). _ While the corrections for 

Equation (3) are not large, they are easily m made and have been . applied to — 

moments determined from the strain- “gauge data (Fig. 106). bal 


the stress is proportional to the strain. _ Various analyses have been — 
on the stresses and momehts i in a ‘curved beam. — For the purpose — of this 
examination, Slocum and Hancock’s -analysis* is used. ‘This analysis assumes 


for the « -eurved, as well as for the straight member, that at plane sections ‘remain 
plane and that stress is proportional to strain. ‘However, since the curvature 


of the section makes fibers on the concave side of the neutral axis shorter than 
those on the convex side, any given stress, although creating the same strain 


at all points, will cause a smaller change of length in a given element on the . | 


j 
inner side of the curve than on the outer side. Consequently, the neutral axis — an 
be nearer the inside of the curved beam than the outside. 


The resulting formulas, when applied toa curved beam of homogeneous _ 


material with a rectangular section, may be reduced tc to the following ‘approxi- 


in which, is the mean radius. gay. ‘or Ts 


by which the moment A 


beam must be maltiglied to obtain the moment for a curv ed beam giving the 
same extreme fiber stress. $= 


pee The minus sign in the denominator of Equation (7 ) applies to the extrados, 


and the plus sign, to the intrados (in the test the strains were measured on the 


intrados). The maximum value of — for the Test. ‘Dam the bottom) 
is about 0.077. erie Using this value with the plus sign in the a 


of ' the curvature in determining the moments from the measured strains. — At d 
the 10-ft. elevation the corresponding error is about 3 per cent. 7 Evident! 


of Materials,” Second Edition, 
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- this is tno small to be considered i in view of much larger uncertainties below 
the: 10-ft. level (see Section 60) and in view of the fact that the error is , 
~ much smaller than this for all other positions. — At the 30-ft. level, and higher, | 
the error due tthe use of the formula fo for - straight beams i is about 1 per cent. bi 


—Fffect on Stress Determinations of Neglecting Deflection Due lo 4 


‘deflections « on mn the ‘assumption “that all ‘the deflection was due to 


bending. if some of the deflection was due to . shear, then the strains found | 


are larger than the true values by an amount equal to the bending ‘strain | jn wh 


_ which would be computed from the deflection due ‘to shear. vi possible method denn 
for approximating g the | errors introduced b by the inclusion of the ‘shearing, fiber ; 


with the bending deflection | may as follows: allt 


(0) ‘the observed ‘deflection curve, determine the moment and and ( 


curves, assuming ‘deflection to be due entirely to & 


> (2) From the shear curve so determine the deflection due to 


consid 


a  @ Deduct this shear deflection from the total deflection, obtaining 


‘th corrected deflection curve. 


(4 Re-determine the shears from the and if they TI 
differ from the values obtained from the total deflections by an § . , 
appreciable amount, determine a new shear deflection curve. § est 
When a shear deflection curve has been sufficiently ‘established, which 
assume temporarily that these are bending deflections, and will g 


deduce from it by double differentiation the corresponding Be. 
moments and strains. These moments and strains will be the It 
corrections to be applied to the moments derived on the assump- 
on w irely ding. 
tion that the deflection was due entire to bending. 
operations, whieh have been outlined for clearness, may be materially 1 2 
2 
shortened due to the fact that, whereas the shear curve is integrated once The 
extrer 


in - obtaining the shear deflection and this curve ‘then is differentiated | twice 
150 


34 
to ‘obtain the moment, one differentiation of the shear curve gives same 
eb dz, within 1 a height, yn may be expressed as: 


rin, withir 


= the area of the section. wh of th 
G= the shearing modulus of elasticity. 


y= distance upward from the bottom of the Arto! 
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rf 
derivative indicated in Equation an: que its 


<< 


in which, M’ is ‘the: which cause a 
shearing deflection ; ‘C is the corresponding flexural stress in the extreme 


| fiber ; and r is ‘the ‘thickness of ‘the dam. If a section of unit thickness be i. 


considered, A of Equation (12) becomes “ih Therefore, from Equations (12) 
~ 


at 


_ ‘The significance of the various terms | in staal (15) will | be of interest 


in estimating the magnitude of the apparent stress, 6 , since 6’ is a correction - 


which if applied to the bending stress « computed from the measured deflections 


It is shown in mechanics that for this concrete 
about 0. 15, ; ; isa about 1.15. T he term, ——,, is ‘as load carried | by bending. 


The magnitude and sign of the load , for v vertical elements, are given at the — 


extreme right in Figs. ' 126, 12%, 128, a and 1 129. _ ‘The largest possible value i is F 
3750 Ib. p per sq. . ft., or 26 Ib. per sq. in. 7 This is at the bottom of the dam, and — 


from there upward the value decreases rapidly an. ‘elevation of 5 ft., 


load is 11. 9 Tb. per sq. in. fee a 

_ The term, — ——, is the average shearing stress at the fit seinen, 
The shearing s stress may be obtained by by the total | per 


bd 


of the dam where the thickness the bottom to the ft. 


elevation the profile of the down- stream face of the dam is an are ol; a circle 
‘the radius of which is 84. 57 ft., and this term becomes, 


the ft. elevation t the term, approximately 1 
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the app apparent stress, 6, at | the 5-ft. _ elevation becomes — _ 


— 12.5 Ib. per sq. in. | The stress at ‘this elevation found “ee differentiation of 
4 
deflections without regard for ¢ error due to shearing deflections, is about 


255 lb. per sq. in, The error due to neglecting the shearing deflection on is, 
herefore, about 5% at this point. uncertainty surrounding the inter- 


a2 : pretation of results at ‘the bottom of the dam | is so ) much greater than this, 


- therefore, it is still not worth while to make the corrections. Fig. 107 hows 


_ the apparent bending stresses for the vertical | center line of the dem for « 


Coot 


+ 


9 


or SHEAR ON ‘DETERMINATION or 


(15 ) may be applied toa ‘horizontal element by substituting 
ae for y in that equation. Here, = 0, since for a given elevation the thick 


ad 


ness, ft, is constant. Equation (15) then becomes: 


is the equivalent load in a horizontal 


value, as given in Fig. 124; is 500 Ib. per sq. ft., or - - 8. 5 Ib. 


_~per sq. in, at an elevation of 40 ft. under a head of 60 ft. Substituting this 

value in 1 Equation (16), the greatest error in the stresses in the horizontal 

lements, due to the inclusion of shearing deflections as. deflections, 


is about 6 = — 1. 15 x 3.5 = — 4.0 lb. per sq. in. — ph” i 


‘This term enters because of the torsion, but it is not a load carried by torsion, 


*The sy mbol, ‘is used in this report instead of 3, which is mathematicians. 
fi 
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although its form might so 0 indicate. The load, w,, carried in one 


is the first derivative of the shear, V,, for that direction. | _ The shear, how- 
“ever, has a term involving the derivative of the torsional manana, M,, that i is, 


my 


eM, 


br 


Equation | (18) ‘shows how the expression involving” torsional _moment 


comes into the equation for the load, and Equation (20) shows how this 

portion of the load is related to the deflections. _ The same expression as — 
of Equation (20) enters the equation for Med in the -direction also, and 
since the total load i is the sum of the x- load and the y- load the torsion term in . 


Equation | (28) is twice the expression given i in Equation (20). 


_ ony ust as the loads carried by the horizontal element have been separated —_ 


parts called: “equivalent load carried by direct compression”, and 


“equivalent load carried by bending, » this term may be called “equivalent © 


carried by torsion” is, in fact, correction, half of which should 


be applied | to the load carried in the horizontal direction and half to the load pa 
carried i in ‘the vertical ‘direction in order to obtain the total load, i Cnr Ta 


__ The form of the expression for the equivalent torsional load shows that 

this load may be determined by successive differentiations of the deflection, Z, x 
times EI. As long as as the moment of inertia and the ‘modulus of elasticity 


= order i in which the differentiations with -Tespect to and 


load determined by such differentiations of the 1 deflections are given in Table 
22, under the e caption of Method z. Because of the great horizontal 


performed alternately with respect to x 4. The equivalent 


i 


» tance between points at which the deflections were measured, it was — 
boa to interpolate between the measured deflections to obtain deflections at closer 


4 ‘intervals, The errors entering | into such ‘operations a are large and the ee > 


torsional loads | are correspondingly inaceurate, be It will be seen, however, » that — 
loads so determined are not large. vil =n, cu ‘od 


mt “Moments and Stresses in Slabs,” by H. M. Westergaard and W. A. Slater, Members, 
Soc. C. E., Proceedings, ‘Am. Concrete Inst., ‘Vol. 1, 426 (1921). 
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_ The moments in the vertical and the horizontal directions may also be lhdiaaie 
cases 
used to determine torsiona moments and the equivalent torsional loads. 
Phe in the -direetion, , of the bending moments, . My have been 
4 "determined for the head of 60 ft. and the results are shown in Table 22, as | pressu 


r | 
equivalent torsional loads, under the caption of Method ‘The moments, 


My were determined from the strains measured with the strain- -gauge and 
ince ‘the strain- gauge "measurements were taken at closer intervals in the 


MS Sil. 
Elevat: 
19 ls si were available for determination of ‘the ‘equivalent torsional loads by ‘Nagy 
> 


this method. than from the. deflections. As the loads: so 


equivalent torsional loads. to the 2 possibility of some 

bending and direct strains in the horizontal direction, there is ‘greater 


chance for error i in this case than i in the use of the vertical moments. Henee 


the horizontal moments have not been used. at 


The simplest and most direct source of information on the equivalent 
loads carried by torsion is found in the results of the strain- “gauge measure-_ 


4+ 


“ments taken in the diagonal directions. hy ‘The torsional r moment in a horizontal 
plane is* equal to one- half the difference of the bending ‘moments in the tw v0 


directions at 45° with the horizontal. The strains measured i in ‘the 45° direc- 
tions contain components of the direct thrust in the horizontal direction, and, 


therefore, the total stress at 45° multiplied by the arm of the resisting ¢ couple 
would give correctly the moment in that. direction. "However, : since the 


desired is the difference between the moments in the ‘two 45° ‘direc 


on ae and since the component of the thrust in one of these directions i is the 


"same as that j in the other, the moment of the thrust will be eliminated com- 


“pletely in the difference of these moments The torsional moments have been 
determined i in this manner from the bending moments in the two 45° direc- 


tions and differentiation with respect to the z- axis and with | respect, to the 


Be suctessively, has yielded the equivalent loads carried by torsion, shown 
a 


ell The ‘equivalent torsional loads determined by ‘the ‘three. methods outlined, 


averages are given in Table 22, also the ratio of the : average 
sional load to the total water pressure for the points 


sie will be | seen ‘from Table 22 that. by all the methods the equivalent tor- 


sional loads are small. In determining loads due to bending, it is believed 


that the error involved may be large as 100 lb. per sq. most | 


“Moments and Stresses in Slabs,” by H M. Westergaard Ww. Slater, Members, 
n. Concrete Inst., Vol. » 426 
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nt torsional load in in square foot, is of 


| more significance than the error in terms of. percentage of the total load. F or 


example, close to the top of the dam a very ‘small error in pounds per square 
foot would be a very large percentage of the total pressure at the point con- 


‘sidered and yet i it would not be of great significance. However, it is of some 


interest to know the ‘ratio of the equivalent torsional load to the total water 


"pressure; generally, these ratios. | (Table 22) are small. Only a a few large | pe tr 


centages occur and these are near the top of the dam where the total wat ~ — a 
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= 


4 Ave. + Total = 


4 Loads are ga in pounds per square foot for three methods, also the average and the ratio o of 
the average to the total pressure (62.5 (60 — of area. BAI 


the smallness of the “equivalent torsional load, and the diffi- 


Ls 


culty of obtaining accurate values for it, _ this load has been neglected in. the 
study of the data of the test (Chapters J to N). 1 


ib ei 
62.—Modulus of Elasticity, Concrete ‘and Granite.— —During the construc- 


tion of the d ‘am, control specimens were e made at frequent, intervals, for the | 
— 


_, cases; only a few values of 
error of the equivale — 
— 
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ants, 
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ARCH DAM INVESTIGATION 


= The beam was tested by measuring the deflection under a known load and 


computing the modulus of elasticity from the relation between modulus, load, 
and deflection. Most of the control cylinders used for determining the modulus 

_ of elasticity were sent to the University of California for test; however, , telem- 
eters were embedded in four of the cylinders and these were tested at the dam 


‘The testing of the cylinders yielded a variety of results. The one thing 

: ‘common to all the tests was the shape of the stress-strain curve. In the effort 
4 to make the most of these tests, the 3 most probable’ values of of the ‘strain were 
7 determined from all cylinder tests, including those with telemeters embedded. | 
A most probable stress-strain curve was thus 108), giving an 
initial modulus of elasticity of 3} 800 db. per sq. secant ‘modulus 


of 2 000 Ib. ‘per sq. in. at the maximum stress s of | 900 sq. in.; 


= of modulus to be prone Beat be from about | 3 300 000 to 3 000 000 
Tb. per sq. in. if this curve is used as the | criterion. | os values - the secant 
of elasticity are also given in Fig. 108. 


LI OF ELasticiry FROM (CYLINDER TESTS. 


Be a. e test beam under a stress of 216 Ib. per sq. in. gave a secant modulus 
of ‘elasticity | of 4 000 000 Ib. per ‘sq. in. for the earlier tests and of 6 000 000 
for the later tests. - Because the modulus of 6 000 000 at the later ages seemed 


ck t tests were made | on the beam, and this value was confirmed. 


us of elasticity between 


unde: 
 diatel 


es --——-s purpose of determining the modulus of elasticity of the concrete. Generally 
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and the test cylinders. However, 28 shOW 
from tests of the -eylinders in which telemeters had been embedded that 


‘ARCH DAM INVESTIGATION 
“under a ‘stress s of 500 Ib. per : sq. in., the secant modulus determined in 
a> diately 1 upon 1 application of the load was ; about 6.000 000 Ib. per sq. in. , but 
that + with the load maintained constant on the specimen, the modulus fell 
rapidly: and consistently to a value of about 2900000 Ib. per sq. in, within 

_ Maintaining the load constant for about an hour gave a . modulus of about — , 
the same magnitude as that determined from the cylinders tested at Berkeley. _ 
In testing the beam, the deflection was determined almost instantaneously 
“upon application of the load and it 1 would be expected, from the information — 
obtained from the ‘cylinders having telemeters embedded. in them, that ‘the 


modulus of determined from the beam would be higher. than it was 


ve mw 


an 


Fic. EFFECT OF Tom UNDER LoaD- oN Mopvzus OF Buastierry, 


Because of the , importance of a knowledge of the ‘modulus of elasticity in 
7 the interpretation « of i the results, a ft further effort was made to obtain : infor- 
i mation | on its value. 4 As shown by Equation (25), Section | 54, the load on the 

dam, as determined from the deflections and strains, is given in terms of the 


_ modulus of elasticity. Since | the load actually applied by the water pressure 
is known, it is possible for any given to use ‘a modulus elasticity 
which would make the computed load agree with that known to » have been 
applied. However, the wrong ‘modulus, if used to bring about this : agreement 
$Y" at one e point, will not give the correct value of the load at some other point. 
"Accordingly, after determining the loads i in terms of f modulus of: ‘elasticity 
for a large number of points, it was found that ‘the value which gav e the 
closest agreement between computed loads and applied loads for a large mum-— 
~ der of points was 3 600 000° lb. per sq. ‘in., with Poisson’ 3 ratio. taken at 0. 15. 
- While this i is not a perfect « agreement with the results of the cylinder tests, it, 
‘is sufficiently | close to give confidence in the general concordance of the data. _ ae 


A modulus. of of 38 600 000 0: sq. in. was used tee, the ‘redue- 
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? that mination of the modulus in tension was made. Other investigations have given 7 eis 


DAM [ INVESTIGATION 
ious | in general, the modulus of elasticity tension has 
b 


een found to be equal to, « or ‘slightly less” than, that in compression. 


_— Seems 1s to be little or no greater reason for using different values of the modulus 
a, in tension and in compression, t than for using a different modulus for each dif- 


a 


ferent degree of compression. effects of using a variable modulus were 


studied; as they were very chal it was concluded that any possible gain in 


would be more tl than offset by the confusion and complexity attend-— 
ing ‘the use of a variable modulus in working 1 up the test data. 
order to interpret the measured yielding of foundation | and. abutments, 


it ; beeame 1 necessary t to know = modulus of f elasticity of the granite of which 
they were composed. ip A block of granite was cut from the foundation rock 


at a place about 20 ft. down stream from the dam at an elevation: of about 


se ft. It was sent to the University of California an and d there two 6 by 12- -in. 


> 
; were cut from it. | The! longitudinal axis was was parallel to the bedment 4 


plane ‘in one specimen and perpendicular to it in the other. Fig. 110 gives 


specimens. The average ge value « of the modulus for the lower stresses was about — 
— 000 000 ; and for the higher stresses, about 2 500 000 Ib. per sq. in, The 


: value of 2 000 000 Ib. per sq. in. . was used in 2 computing the movement of | the 


rock in Section. 42 2. The specimen of granite from the ceylinders 


s stress- strain curves, Poisson’ ratio, and the modulus of elasticity for these 


= 


ratio 
role Modulus of elasticity, 


908.8 ailion b 4 


RATIO FOR GRANITE TAKEN FROM FOUNDATION. 
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mined for all the  eptinders cent to the University. ‘of California for tae 
the modulus of elasticity. “Fig. longitudinal and lateral stress- 


In Fig. 111 Poisson's 0. 17 0. 1.29. ‘The extreme range 


a all values was from 0.1 to 0. 3 except for one value of 0.4 at a stress of 200 
Tb. per sq. in. T his includes values determined from tests of specimens made 

at the University of California from materials similar to those used in the 

Test Dam. pane proportions used in 1 making these saggy were as nearly 
as ws _ The results of these 


Longitudinal Strain, millionths Latera eral Strain, millionths Poissons Ratio 


a 


of of 500 Ib. per sq. the av av erage vals ratio 


for: all the tests 0.17. preparing this | report, it became necessary 
to decide on na value for reduction of the data of the Test Dam, the 


“was 1 no reason for ¢ changing to the final average and stresses 

Poisson’s for a sample of the granite taken from the foundation 


is shown i in n Fig. 110. The values vary from as lo 


a Specimens 178 and 174. The results for these cylinders are representative — — 
e a” of all the control specimens from the dam. These specimens were taken 4 : 
| 
3, — 
at 
nt 
— 
4 
at 
ay 
| value of 0.15 and this was used. This value differed so little from the final 

dinal 


—GENERAL OF Anatyzine Test Dara 
Outline.- —In carrying the load, there are in the arch dam. 


distinct, although | interdependent, units” of structural action. The 
44 
dam may be assumed to be made up o of | a system of of horizontal strips (arches) 

and a system n of vertical strips (beams, usually termed cantilevers) inter- 


_ secting each other and acting ‘at the same time and in combination with each 
other. it were known how much load is carried by each element of each 


_ system, the design of the dam would be ‘simple; therefore, it seems that the | 


- _ principal aim in analyzing the test: data should be that of determining al 


much load i is carried by each of these elements. oy. aa 


The conception of the behavior may be simplified as. follows: Assume 
1F a 1- ft. square element o of the dam a mean depth of 10 ft. below the 
gurface of the water in the reservoir. The e total water "pressure: on this: 

element will: ‘be approximately. 625 This ‘total p pressure must be car- 


ried in some manner to the abutments « or foundation of the dam. Due to 
_ curvature of the horizontal element, a portion of the load will be — 
horizontally, toward the abutments by a direct thrust, a as arch action. 


— 


Because the horizontal element is not free to move at the support, but | 
does deflect | at the center, there is, obviously, a bending moment and, there- 


fore, a shear in the horizontal element. It is evident, therefore, that another 
- part of the load from the 1-ft. square | sem is carried by shear toward 


Similarly, in the vertical of ‘the toad travels from 
the element under consideration by causing shear in the vertical element, and, 


the 

to the dam. 112, (a) “unstrained 


horizontal element “in its original position with full water pressure applied 


to it. . By the principle of superposition of loads it may be ‘assumed that 
the portion of the load giving direct compression is applied first, caus-— 


_ ing the uniform radial deflection shown i in ‘Fig. 112 (b), as it would bei if t he 


dam 1 were a ‘part of a complete cylinder ‘and ‘free to deflect radially, at all 
Points, uniform water Pressure represented as causing this constant 


‘se The equivalent bending load, which pulls the ends back to the original 
position, and causes a bending deflection, as shown i in Fig. 112 (c), may then 
be as assumed to be a applied independently of. the | load causing direct ; compres 
sion. | Not all the load is accounted for by) the equivalent load carried by direct 

4 thrust and carried by bending. The remainder, carried by vertical 
bending, also is shown i in Fig. 112 (ec). Fig. 112 ( (d) represents an unstrained 


sootion | of ‘the dam i in the | 
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Iti is possible t to separate completely: other components ‘the load car 

i ried by the bending i in ‘the vertical elements of the dam. It is not possible, 

however, to distinguish completely between the load cearried | by the bending 


of the horizontal elements and that carried by ‘their: direct compression, since 7 


lues- of ‘the of, the load illustrated in ‘Fig. 112. 


a load one point causes only a direct ‘compression will in general 
t and vice versa. ak” 


PLUS 1S BENDING” MOMENTS 
carried b vertical 


com 
a DIRECT THRUST ALONE Nx 


(Assumed free to slide at ends) Ty 


Fig. 112.—DIAGRAMMATIC REPRESENTATION oF Loap DISTRIBUTION. — 


In the fundamental analysis of a homogeneous flat plate of uniform 
thickness the equation of equilibrium for a a load « on any "element is: 


X,Y, and distances in of ‘the axes of a 


7 


= the moment of inertia of ‘the section. 
= Poisson’s ratio for the material, that is, ratio of to 


gy = the total unit pressure on the plate at any given oo, 
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Fquation (21) the , represents the load carried by bend-— 

ing in the y- -direction. The t term, = represents” the oad carried 
54 


& 


bending in the «- -direction, and represents th 
_ ‘The arch dam may be considered to have the combined properties of a flat 


and an arch’ in direct compression. If ‘it were possible to separate 
completely the | loads: “carried by bending and by direct compression in the | 


horizontal element, ~" new equation of equilibrium: could be set, up which 


would be the same as Equation (21), « except for the addition of a term rep- 


- resenting the load carried by direct compression in the horizontal elements, 
"I and for a correction in the load carried by bending in the horizontal ele- 


ments due to the curvature of these elements. 


Although the loads carried by bending and by « direct compression in the 
elements | cannot be. entirely separated, it can be. shown’ that the 


sum | the two loads at any point in the horizontal element may be repre- 


‘in which, is total thrust per per unit of height : at the section of 


‘elemexit considered; and R is the radius of the horizontal element. 


This being true, a new equation of equilibrium for the total load car- 
ried o on any small rectangular element of the arch dam whose width is dx 


and whose height is dy, may be represented by Equation (28): a ee 


+2 += R26 R 
lis: With the signs | as given in this s equation the deflection, &, and the load, Ww, 
are positive in the up- -stream direction, and the thrust, P , is positive when | 


it causes compression on the section. | 


from the test data the probable value of the mod- 

ulus of elasticity, will be convenient to eliminate the ‘modulus from 

terms | derived directly from the: test data and to place it on the ‘right: 
may be shown that the horizontal pressure, P, of Equation 


7 


See “Technische Elastizititslehre,” von Hans Lorenz, p. 241 (1913), “and “Applied 


Pi 

_--¢ Throughout the report the plus (+) sign is given to (1) vertical ial upward | 
from the base of the dam; (2) horizontal distance along the center line of the dam from — 
left to right when facing up stream; (3) horizontal radial distance from center line of the | 
thickness of the dam in a general up-stream direction, that is, away from the center of 
curvature of the dam; (4) deflection in a radial up-stream direction, that is, away from 
the center of curvature of the dam; (5) load in an up-stream direction ; (6) compressive | 
stress or compressive strain; and (7) bending moment causing compression on the up- -stream 
face and tension on the down- stream face of the dam. The significance of the minus "| 
sign will be obvious from the conventions given for the plus (+) sign. The sign of shear — 
is as obtained by differentiation of the moment curve proceeding in a positive direction sc 
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ARCH DAM INVESTIGATION 
in which, é, and é, are the horizontal and vertical strains, due: to the axial force, 7 


‘ey 
and is the of the section on which P this value of 


_ From the test data, from the properties: of the section of the dam, an 


entity the head of water, all. the terms of Equation ( (25), except E, are known. 

It is "possible, therefore, to solve the equation for E and thus ‘determine 

the value ‘that best fits the conditions at the various sections of the dam. _ The r a 
alues so obtained correspond well ‘modulus of elasticity determined 

portion; 

of Equation | 23), may be s aid to represent ee e equivalent load from the 
element under consideration that is carried by bending in t the horizontal — 


the max maximum of this term 


load of only 2 Ib. per sq. This load in the Portion of 


a 


load carried by direct compression are, since it has: been stated that they: 


do not actually represent the bending load, and th ‘the load carried by direct 


The equivalent ‘load is an ‘imaginary load, which, if 


wice with respect to distance along the are, will give the moment ‘at all 
points along the are; Or, it be deser ibed | as the which, if distributed 
give the 


‘clon a straig 


same moments at all p as in positions along the are. 


has been called the ‘equivalent load” ca 
Ee It will be seen | from | its make-up that ‘it is the radial load per 


unit of length of are, which, if applied to a complete, relatively thin, cireu- 


lar ring of a uniform cross-section, would cause the same direct compression 


i in the ring as that actually found in the horizontal element under considera. 


* See by Timoshenko and Lessels, p. 230 (2926). 
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ness, a variation ‘in the of, 


n of 


sted twice to oblain the va 
‘Using the known values of HI at various positions, the values of ‘the 1 moment . 


were obtained and double differentiation of these moments in the direc- 
tions of the proper axes gave the equivalent bending loads in the x mia 


«66 Interpretation of Strain Diagrams. —It is shown in works 


ticity ‘that the relations between stress, strain, | modulus of” elasticity, and 


~~ 
Fig. 113, dotted lines give values of the ratio, Equation 


(26). This may be thought of as strain corrected Poisson’ 
ratio, although it is not a strain. Generally, however, the strains plotted 


in the ‘diagrams: this report. are the "observed strains, and in order 

the ‘Stresses with exactness from neces: 


the given it is neces- 


A, 


; wleviager att hig bol. 


- Using » equal to 0.15 and E equal, to 3 600 000 Ib. per sq. in. ++ >—= is 


equal to 3 68 680 } 000 Ib. per sq. in. "Therefore, if the strain in either amo 
is zero, ‘the stress in the other: direction (at right angles to ‘the former 
“s strain) is the same as would be found | by using a modulus of elasticity of » 


38 680 000. Ib. in. and neglecting Poisson’ ratio. W and 


are equal, the stress determined for either direction is about (15% greater 
or less (greater if, the signs of f the t two strains are the same, or less if they 


are opposite) than if Poisson’s ratio is neglected. ut 


‘The horizontal strains s for the 80-ft. elevation are’ in Figs. 114 
me: A few horizontal strains for other elevations | are ‘shown in Fig. 124. 
For other portions of the dam the strains in either the vertical or horizontal 

direction: may ‘be estimated from Figs. 94 t to 101 “which give lines of 


strain, With the aid of ‘these diagrams and Equations (29), 


28, 


Equation (25) can | having = 
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CarRIED BY sy Direct. ‘Turust 
—Sources of Information—There are several sources of of information 


- 


“regardi ‘the amount of the load carried by direct thrust 
garding he amount of the load — 
A) The average + strain for the up- stream | and down- stream sic sides at nal 
Les 
“section, as given by the observations, i 


strain, : since the thrust, ¢t, is connected with the load by ‘the equation 


known as the “ cylinder formula”, it is possible to ) compute the equivalent sg 


load, w, resisted the thrust. In Equation (30), is the measured strain 
due to the ‘thrust, t is the thickness of the dam, and R is ; the radius of cur- 


vature. Fi ig. 113 shows the average direct strain, for all” parts ¢ he dam 


where telemeter measurements w were available i in ‘Tests 1 


is, , with the water in the reservoir at an elevation « of 60 ft. 


on ‘the down- stream face and the bending strain . from the inemeters gives 
= 
‘strain, due to direct thrust at various points: of the arch ; and 


quation (30), the load, w, may be determined. 
‘The in Figs. 114 tol the strain at the 30-ft. eleva- 


tion as measured with the siisge gauge under different heads of water. They 


show : also the bending s strains as ‘given by the clinometer, radius meter, , and 
-telemeter. Since the upper curves ‘represent only bending strain . and the 
lower curve represents the sum of the bending and direct strains, the dif-— 
- ference between ‘the two average curves (represented by the v vertical distance gi 
ests them) is the strain due to the direct axial compression in the arch — 
ring. ‘he indication is that this direct compression was nearly uniform 


‘throughout the length of ‘the arch rib. ‘For later ¢ computations, a 
value of compression at various portions of an ny arch ting has” 


= 118 to are given the direct strains and 


equivalent loads carried compression - for the 60, 60, 
and 40-ft. heads of water. The plotted circles represent the most probable 
ae for. the direct : strains, giving weight to the individual values shown by 
other symbols an and to the general shape of ev curves. s. The strains were 
‘mined by the methods ‘outlined in Section 56. Pac. 


~ ‘Values at various points along the horizontal element might have been 
obtained, bu but the degree of uniformity of the average strains at the 80- ft. 


Months 


3 


P 


2 i 
elevation (see Figs. 114 to 117) is considered sufficient to warrant using an S10 
average for these elevations also. This is fortunate, since the analysis of the Ree 

i data i is simplified by assuming a constant direct strain in the horizontal ele- Be 
ome ments, and since, for other than the 30-ft. elevation, the data are not suf we 


ficiently complete to warrant using other than average strain. The 
agreement of the strains derived by different methods is generally fair. Be 0) 
water pressure (or equivalent direct load) “necessary to produce the 
direct strains, shown i in Figs. 118 to 121 in the = 
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DATA, WITH STRAINS FROM FOR HORIZONTAL ow 
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116.—ComParisons OF BENDING STRAINS FROM CLINOMETER, AND RADIUS 
METER DATA, WITH TOTAL STRAINS FROM STRAIN- GauGE, FOR HoRZONTAL) 
¥ 


ELEMENT AT ELEVATION 30 UNDER 40-FooTt HEap AFTER CRACKING. 
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Fic. 117.—CoMPARISONS OF BENDING STRAINS FROM CLINOMETER, TELEMETER, pany idan. 
METER DATA, WITH TOTAL STRAINS FROM STRAIN-GAUGE , FOR 
“ELEMENT AT ELEVATION 30 UNDER 40-Foor HEAD BEFORB CRACKING. 
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direct thrust ‘is found to increase from a small: value at the top to 


maximum at about the 35-ft. elevation, and then to decrease to a minimum | 


a at the 15-ft. elevation. it then i increases again, reaching : another and greater 
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“Fic. 118 STRAIN AND CORRE DIRECT 


SPONDING LOAD FOR VARIOUS ELEVATIONS CORRESPONDING LOAD FOR VARIOUS 


the 50 40- (Figs. 11 119° 121), the form of load curve 


ae quite different from that in Fig. 118, especially for the lower elevations. ? In 


if a all three cases, the load increased from zero at the top to a maximum at about 
the 15-ft. elevation, and then decreased an in assumed value of zerc 


Y a? In Figs. - 120 and 121 will be e found the — loads carried by direct. 


thrust with a a 40- ft. head of water | against the dam, both after and before 


- the crack occurred on the vertical center line of the dam in | the upper 10 to 


— 20 ft. of its height. jt Comparison of Figs. 120 and 121 indicates for nearly all 
a elevations that after this crack occurred more load was carried by ‘direct 


3 compression than before. This does not seem unreasonable, since ‘the ability” 


= of 1 the dam to carry a 2 load by bending was decreased b; by the formation of the 
fe ., crack, 1 making it ; necessary that a greater equivalent load be carried by direct 


compression n after the formation of the crack. A comparison of the propor: 
df 


I tion of the total load carried by direct thrust with th ‘that carried by bending in 
the | vertical and horizontal directions 1s may be seen in Figs. 130 to 133, 


subject is discussed in Chapter V 
58. —General neral M ethod. —The bending strains in the horizontal arch ring 


—— determined from measurements with 1 the clinometer, the telemeters, 
the radius meter ; ; also from total strains measured. by the strain: 


subtesetion, direct ‘strain. The radius meter, however, 
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Fic. 120.—AVERAGE DIRECT STRAIN AND Corrs- 1 ‘Fra. DIRECT ‘STRAIN AND 
SPONDING LOAD FOR VARIOUS ELEVATIONS CORRESPONDING LOAD FOR VARIOUS 
WITH WATER AT 40 FEET AFTER ELEVATIONS WITH WATER AT 40 

FEET BEFORE CRACKING. 
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By double ‘differentiation of the deflections of horizon tal 
La elements, bending strains may be obtained for every 5- -ft. elevation; but the 
strains ns 0 obtained 1 will be be the average | between. ‘any two. stations | and, | as the 
| enometar stations were placed rather | far apart (10 and 20 ft. in a horizontal : 
direction), the ‘results from rom the e clinometer data thus. obtained will give 
little information « on ‘the variation of the bending strains along the arch ring. 
However, in order to determine - whether the strain- -gauge and the clinometer _ 
data harmonized with each other, a study was as ‘made, which is illustrated by > 
Figs. 122 and 123. In the lower part. of these diagrams the average deflec- 
tions 0 of one- -half the dam for the 5 50 and 30-ft. elevations, with a head of 60 
- ft. of water, are shown as crosses. . The horizontal strains measured with the 
_ Strain- gauge at 10-ft. intervals along | the horizontal element are sh inthe 
upper part of the diagram as as ‘circles. ‘They include both the he direct (axial) 


and the bending strains. id Since the divest strain has been shown to be nearly 


constant, ‘Section 56) the curve | of bending strains should be parallel 


a process o: of ‘ ‘cutting and trying”: the intermediate deflections 


been selected ‘that when tl the resulting deflection curve has been differ 
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122. —COMPARISON oF MEASURED DEFLECTIONS: OF ‘ELEMENT AT 50-Foor 


ELEVATION WITH DEFLECTIONS FOUND BY INTEGRATION OF HORIZONTAL 
Distances from center tne of 
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r the 60- ft. head this was” done ‘for each horizontal element the elevation 
1 vhich was a multiple of 10 ft. The fact that it was possible to find deflection — 
curves | which passed through the points determined by measurement and which > 
gave a strain curve approximately parallel to the curve of strains measured 
by the | strain- -gauge, is a good indication of the agreement between the ‘strain- 
The deflections of the horizontal elements at the 50 and 30-ft. « elevations, — 
as. measured with the clinometer, and the deflections determined by double 
integration of the measured strains at these are shown in 1 Figs. 
and 123. Both deflections are > for a a height of water ¢ of 60° ft. ‘The ‘agreement 4 
_ between deflections deduced by the two methods is s much better for the 30- ft., 
than for the 50- ft., elevation. 


that at the 50-ft. elevation. the strains were ‘measured at ‘stations 10 ft. pai 
horizontally, while at the 30- ft. elevation | a continuous Tow of ‘strain- -gauge 


measurements only 10, in. apart was available. T he greater length at the 


-50- ft. than at the 30- ft. elev ation will also increase the error in the deflections 


On the whole, 
“the agreement between ‘the deflections those ‘determined from the 


For determining th n preferen ce 


to the clinometer data. ‘smooth ¢ curve was: drawn through | ths points of 


- measured strain, and strains, read from this curve at intervals « of, 5 ft. along 


element, were used in a tabular differentiation as illustrated for the 
. elements in in Table 2 24, _ Since the direct compression | was nearly constant, 
its effect on the values ‘obtained i in the differentiation would be negligible. 

: The: strains, shears, and loads were obtained in this way te the elements _~ 
elevations i in multiples of 5 ft., down to and including the 15-ft. elevation. 


Ag an illustration, ‘the results 80 are shown it in 1 Fig. 124 for the « 


of the dam considerable hei 
sections could not be assumed with ‘reasonabe expectation of 
sufficient. accuracy the loads carried by the vertical elements. The strains 
and deflections in the horizontal direction also” were not close enough 
q together for “satisfactory use in determining the loads « carried by the hori- 
zontal elements in bending. Besides this, the vertical crack that occurred 
the bottom of the dam under the 60- -ft. head before the strains had 
observed, vitiated the data for such use. 
It w was necessary, therefore, to arrive at the loads in the lower part of the 
dam in another way. At the 10-ft. and the 5-ft. elevations the strain was _ 
- observed on n the wapineieae: face and at the center of the thickness of the i _ 
| in with telemeters. Strains” on the down-stream face were of no value in this — 
study 7 because o of the presence of the crack previously noted, and the depth — 


of the ‘crack was not known. if the section be assumed to remain . plane during 
nding, the assumption of a given strain in the concrete at the base of the 
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na iia ination of . n Lower Part of Dam.—In the lower part $m 
 -—E___ of the dam the strains in the vertical direction were so affected by influences ss 
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4 a 7 crack is equivalent to assuming a depth of the crack and, consequently, the 

=I depth of section remaining intact, that is, the | depth of the ‘ ‘secondary arch” — 

- 7 which is assumed to carry ‘the | load. With this information and by making» 


7 use of the measured strains | on the up-stream face and at the center of the 


: thickness of the dam, it is possible to compute the horizontal bending moment Jf 
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Fic. 124. —BENDING SHEARS, AND BENDING Loaps IN Hormona ELEMENTS aT 
ELEVATIONS 30, 50, AND 60, UNDER A 60- “Foot HEAD ~~ 


_ resisted by the ‘section. The telemeter data give a basis for computing the 

bending moment and direct strain at the abutments. Tn spite of the conflict 
between the assumptions the errors introduced ‘appear compensate each 


other to a hep extent the results of such a were. ome as 
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pili little i s known as to how much strain may be resisted at b the base of 


it 7 a crack that ene is much ‘uncertainty as to what strain | should be assumed. 


As a first trial, the tensile strain at the 10-ft. pe arth was assumed as 0. 000050 
at the base of the crack, and, in t the ‘second trial, as 0.000010. The loads | 


xe) obtained for the 5 and 10-ft. elevations 1s for the two different. ‘assumptions J 
anh It will be seen from Table 28 ich, iene the variation in the assumed 
value of the strain at the base of the crack has an important influence on both — 
_ the equivalent bending load and the e equivalent load causing direct thrust, the ee 


“differences compensate each | other and the total loads carried are nearly 


the: same for the two cases. Hence, the average value was taken as the load 

_ carried by the horizontal element. In view of the approximate nature of tl 

lysis, an assumption of the manner of variation of the load from crown 
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125 .-—SUMMARY OF Loaps CARRIED BY BENDING ON Honrzonrat, 
aT ELEVATIONS 30, 40, 50, AND 60. 


4 

to abutment would not be warranted, and so the load has been assumed 


uniform throughout: the length of For the vertical elements, the 


| etme elevations, have been used instead of the loads determined from 


measur rains in ese e emen 8. 7 
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ach ___ average loads given in lable 2d, subtracted Irom the total water pressure at = — 
as 


60. —Results—In Fig. 124 specimen for the equivalent load carried 
a 


therefrom by differentiation of the for the 60, 50, and 30-ft. 


elevations, with a 60-ft. head of water against the dam. Hag? idea of the 
confidence to be placed i in the results may be gained by comparing the agree- 


between strains observed and those obtained by double integration 


af ApproximMaTE Loaps CarRIED ON 


‘ya 


LoapD Cann BY HORIZONTAL ELEMENT 


Direct, | tot Total. 


1575 1707 
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. Although the dam was cracked through at the vertical center line from — 

. td the top down to about the 4 40-ft. elevation, | it t was” carrying load even at the 
% crack for all elevations | shown in Fig. § 54, except, Elevation 60. It may appear 

. oa strange that bending load should be carried even at the e crack, especially since, 


i & due to ‘symmetry, the shear at the e location « of the crack must have been zero. 


| However, the load is s proportional to the e curvature e of the moment curve: (since 
it is equal ‘to the second derivative of - the moment) and wherever the momen 

diagram i is not a straight line, there must be a load. i 
Fig. 124 negative loads are plotted downward and are 


plotted upward. In of the resultant all: Il the bending 


for the 60, 50, 40- 0-ft. _ elevations the: portion of the arch ings extend- 


that is, 


of positive that is, was applying load to the. vertical elements: 
the 30-ft. elevation, however, within the entire distance from the center 
to the abutment, load was carried by horizontal bending, 


_ The portions of the total load carried by direct compression, and by bend- 

By ‘ing in the vertical and horizontal directions, ‘may be seen in Figs. 130 to 133. 
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The p ‘Point aa greatest bending moment in the horizontal 

cated in Fig. 124 to have been from 40 to 45 ft. away y from the center line for 
the 60-ft. head of water. The strain accompanying this bending moment was 
0.000125 in. “per in, at the 60- ft. elevation. As the direct strain 


was only , 0.000012 in. per in., the resultant tensile strain was 0.000113 in. per -_ 
in. i ‘With a strain as great as this, it seems that the concrete must have been 
close to tension failure "at approximately the | one- -quarter | point of the upper 
element. The point of zero moment at the same time w as close to 25 ft. from 


he center line for all elevations. _ Previous: to the formation of the vertical, 
acks, it is probable that the greatest bending moment | iad at the center 


7 61 —General M ethod. —T he deflections on the seven vertical lines indicated o & 

in Fig. 27 were determined by the clinometer in 5-ft. steps. These 
‘proportional to the average slopes in the 5- ft. gauge lengths. Due to 


symmetry of the sections measured, each slope curve has its counterpart on 
the opposite e side of the center line and a more accurate curve was obtained 


by using the average for ¢ each symmetrical pair. The average slope” curve 


integrated, giving the deflections shown as plotted points and dotted 


oon in Figs. 126, to 129. * A single differentiation of the slope curve gave 


‘the bending strains at each point which were multiplied by the quanti y, 

, to give the moments in the vertical element 1 ft. wide. | ‘The value used 

“~ the modulus of elasticity, E, was 3 600 000 ‘Tb. per sq. in. The thickness, 


t and t the moment of inertia, L, _ apply to the point at which the strain is 


measured. As indicated by the method of reducing strains to moments, 


plane’ sections have been assumed to remain plane, although this ‘probably 
is not the true condition near the Totton, wher foundation, influences will 


| 
In the differentiation of experimental curves, slight inaccuracies are om a 
nified, and where sev eral successive differentiations are performed, i it is 


generally necessary to smooth 1 out the curve at some stage. The moments 


determined | s described were plotted and a smooth curve was fitted 


values. In order” to test the correctness of this modification in the 


‘moment curve, these moments were reduced back to ) deflections by a reversed 
_ process; snide van the moments were divided by - to reduce them to strains, 7 
ely to obtain the slope and the deflee- . 
tion “The graphs" of ‘strains, slopes, and d deflections obtained by this 
integration, were then drawn to test the agreement of the derived results 
with the original data. Having thus checked the substantial correctness. 


the modified moment ‘curve, the shear and load curves were obtained fron 


rom 


-differentiations and ‘integrations were performed by taking tabular q 
differences or sums, as illustrated in Table 24, so there was no chance for a 
inaecuracies due to errors mechanical operation. Consequently, double 
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hems -126.—DEFLECTIONS, STRAINS, MOMENTS, SHEARS, AND LOADS FOR VERTICAL ELEMENTS | 
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ARCH DAM 
curve: 


as that the load obtained ‘differentiation. hy 
ics The shear, moment, | and deflection curves, shown as solid lines" in Figs. 
a 126 to 129, : are, therefore, successive integral curves obtained from the — 
responding» load “curves; and the sv substantial agreement the deflection 
5 curve, sl shown as a solid line, with ‘the dotted curve drawn through the plotted 


- points: satisfactorily checks the correctness of the mechanical ‘operations in 


determining the loads from the observed deflections. The slope curves” have 
been omitted from these diagrams” because they little direct bearing 


on the e results. all cases the solid Lit lines “represent | the curves obtained 
‘integration of the load | curve. The “plotted points f for “deflections w 


obtained by integration of the ‘observed slopes. For strain and moment 


771 As As already explained, the moment curve was ‘modified by removing the 
inaccuracies. It will be seen that at and above the 15- ft. elevation this “mod- 

18.40 ification is very slight, while below this it is considerable. At these lower 7 


“elevations the influence from the foundation is so great that it ‘makes the 7 
results ve very doubtful . Among these foundation influences may be mentioned 
“the separation of the dam from 1 the .e foundation the ostream side 
and the consequent extreme pressure on on the toe, together with the yielding of — 
“the: bed- rock. At this place telemeter and the strain-gauge measure- 
ments were so few t that they do not give much information (at the —— 
there were no strain measurements at all), but at these elevations the strain 
curve: obtained from the modified moment curve gives better 
with the strains measured w with the telemeter and strain- -gauge than with 
those obtained from the clinometer (Fig. 126). pith by 


With so much room for selection of a curve to fit the points 


below th the 15-ft. elevation, it i is necessary to use some basis for arriving at the 
“correct moment curve other than strains in the vertical. direction. Since 
“the total load at any elevation must be the sum of the loads carried by the _ 
vertical and the elements, and since, as shown in “Chapters 
“and L, the load earried by the horizontal elements has been determine ned 


=3948 


data for the vertical center line of the ion are also in 1 Fig. 126. 
eter stations on both the -stream | and the down-stream faces indicate 


that there was little direct strain in a vertical direction in the dam; there- BF a's ‘al 
fore, the vertical ‘strains must be ¢ due principally to pure “benditig and this 


justifies the use ain-gauge for computation f the 
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moments. The agreement between the obtained from the ; 


_ strain ; gauges and those obtained from the telemeter is very good and adds: 
confidence i in the correctness of of the modified moment curve: determined from 7 


62. —Specimen Determination of | Vertical Bending ~Load.—In ‘Section 54, 
the equation of the load on the rectangular element of the dam has been. 


4 expressed in terms of the fourth derivative 2 of the deflection, _ 4 In 1 order to ‘ 
. determine the loads from this equation, a tabular method of | differentiating 


the deflections has | been used. ‘Table 24 gives the aver age deflections found 


q in Tests 11, 12 » and 13 on the vertical center line of the dam for a head 
of 60 ft. and various steps. ‘used in reducing the deflections loads. 
The is considered as a and 


fact that of the 2, are equal to S 


total shear per foot width for section considered. 
wo = load t of length at tl t idered. oly; 
ol w oad per unit of len at the point considere agaype © 


could n not be done. _ Therefore, instead of the Ii limiting value, — , of the. change 


of deflection per ‘unit of distance along y, it is omy to use the finite in- 
crements, Azand and the ratios, nd are used instead 
corresponding derivatives. the deflection curve were ‘made up of 


_ straight. lines from point to point, the increment ratios, —, etc., would give ex- 


act values; the degree of approximation of the results may be judged by the 


variation of ‘straight lines through ‘measured deflections from smooth 


ak to the . same points. : ‘Therefore, the followi ing notation will be used: 


+ 


2= 4 (4442) = any ‘successive 
uit bins 4 y = gauge length = 60 my 
Ay, Ay, = 8 600, 216 000, and. 12 960 000, respectively. 
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‘tod The first in Table 24 g gives for the columns. 
uses symbols, : factors, and column captions of Line (1) to fndicat the opera- 
tions performed. ‘For example, (b) indicates that to obtain the deflections 
of Column (a) for a any duals 4 Y; , the observed deflections for each 60 in., 
‘given in Column (b), were added cumulatively, beginning at the | bottom and - 


ending at Elevation y. The | symbol,  A(b), in Column (ec) indicates that to 


‘. obtain the values in that ‘column, differences y w ere taken between the values — 
given in Column (e). T To obtain the values of moment given in Column (e), 
the values from Column (c) v were multiplied by 1 023 I. To obtain the values” 
given” Column (f), ¢ a smooth | curve was drawn to fit the values g given 
| Column (e); inaccuracies and taking account of the f fact 


that. near the » bottom the load must be determined by subtracting from the 
total load the load carried by» the horizontal element. The moments so 


cated were tabulated in Column (f) and were used fo for succeeding operations, 


a as indicated. To test the correctness of the moments shown by the ‘smooth 
curve and tabulated n (f ) the deflections corresponding 


In Fig. 126, the deflections, strains, and moments given in Columns (a), 
“@, and (e), are shown as plus signs and dotted — | The shears (shown 
as a solid line) are one-fifth the values given in Column (9). The Joads, 


‘moments, strains, and deflections shown as" open circles and solid lines” ‘are 


values given in Columns (2), (f) » Gi), and (m). 
mi 63. —Results. —In Figs. 126 to 129, inclusive, the loads by vertical 


bending are shown for all portions of the dam on which the data gave | | 


‘mation. The deflections, strains, ‘moments, and shears used in determin- 


Positive loads are plotted | to the left and negative loads to the right. ‘The 
' significance of the signs is the s same as in Section 60, that i is, a region of posi- - 


stead tive : load is is one in which the resultant of the bending loads on the vertical 


element: causes: an up-stream pressure; and a region of negative load i is one 


which the resultant gives a down- “stream pressure. 
> eX: ” In all cases the bending load on the vertical element was positive in the 


upper part: of the dam; that is, the upper portion | the vertical element, 
y the ” instead of carrying load, was resting on the arch clement, which at any ele- — 
urves in the of the dam vy was, therefore, more than the 
de i total water pressure applied at that elevation. F or nearly all sections shown 
Ys in Figs. 126 to 1 | 129, the load on on the vertical elements changed from positive 
to negative somewhere between the 40 and 35-ft. elevations and was negative 
values from there to. the bottom. As. shown, the region of positive load a on the upper 
part of the elements extended from the center line to at least 30 ft. 
e val- from the center line, and possibly farther. The load carried by 
bending at any given elevation was approximately the same, regardless of 
essive [the location, up to a distance of at least 30 ft. from ‘the vertical center line. . 

No corresponding statement can be made for the region more than | 30 
“et from. the center line, because. for the only clinometer line within | this area, ay 


were available for determining the load distribution. 
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130.—EQ@UIVALENT Loaps CARRIED BY HORIZONTAL BENDING, ARCH THRvsT, AND 
eer ‘TICAL BENDING, AND THEIR TOTALS COMPARED WITH WATER PRESSURE. Dirt” 
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Fie. 132. _—EQUIVALENT LOADS CARRIED BY HORIZONTAL BENDING, ARCH THRUST, AND 
AND TOTALS COMPARED WITH | PRESSURE. 
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pre ‘The of the total load tal direst by direct compression and bend- 


In the computation of bending moment from the measured 
‘the a assumption of conservation of plane | section W was m made (see Section. 47). 
The relation between the vertical strains on the up-stream and the 


- stream faces of the dam near the bottom as measured with the telemeters, 


“indicates, however, that a plane section did ond remain plane. (See Fig: 134. 
and Section 59). ‘indication is that either there wa was considerable 
vertical on a section the bottom the ¢ 


‘would account for the excess of the strain on the down- stream 


‘over that on “the up- -stream face, as s shown in Fig. 35. However, it would 


‘not account for the departure from all semb lance of oman of plane 
mes Fig. 185). If a crack occurred it ‘would be most likely » be 

at the construetion joint, which was: located at the 9. 5 elevation. 

-telemeters, the strains of which ¢ are plotted in ‘Fig. 135, are located 
-ft. elevation, so that the strain shown for side 
smaller if the crack were present than if it 


would not be likely to remain plane, and thus the parry onl explain both 
the bending of the section from a plane and the excess of the observed ‘strain: 


on the down- stream face over that t on the up- -stream a Sat 
 Porther- indication that there w vas a crack | at the 10-ft. elevation o on the — 


| up-stream face is seen in the excessive strain found from the clinometer — 


for r the 60- 60-ft. . head, as shown in ‘Fig. 126, both for the ve vertical section ¢ at 
| the center line and for a section 10 ft. away from the center. If a crack 


occurred at the construction | joints at the 30 and 35-ft. elevations under 
st strain of only about 0. 00007 5 in. per, in., seems reasonable that there should 


“be one here, where the strain was more than 0. 000100 in. per in. However, 


erack was discovered. Although searches were made for cracks on the 
stream f face ‘the time of the test, this was a particularly difficult 


_tion for making an examination, both because of the 1 ‘narrow quarters and 


because of the | constant flow: ‘of water. would have bee mpossible to 


- make an examination wh while the load was on and with the load not on, ‘it is 
doubtful if such a crack could have been found. 
64.— —Loads for 40- Foot He ad Before Cracking- —The curves in Fig. 
é show the amount wal distribution of the load, or ‘equivalent load, on a vertical 
section of the dam at the center line and on ‘sections 10 ft. and 30 ft. 
the center. For the latter two distances the results represent the average 


symmetrical gections on opposite sides of the center line. ‘These 
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(2) vertical as shown in Fig. 129; and | (3) “horizontal bending, 
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‘Fic. 1338. — EQUIVALENT LOADS CARRIED BY ARCH Tukvst, ‘AND VERTICA AL. 


_ BENDING AND THEIR TOTALS COMPARED 
HEAD OF WATER, 50 FEET. 
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(134. L—V ERTICAL STRAINS MEASURED WITH TELEMETER BELow 20 
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Fic. 135.—DISTRIBUTION OF VERTICAL STRAINS ON HORIZONTAL 
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direct as found for all three sections in 1 Fig. 180 are 
equal , and this justifies using the values from Fig. 121 for all three sec 
ions. The equivalent loads: carried by vertical bending on each of the three 
panera of Fig. 130 are taken from the values at the right in Fig. 129. aE 7 
| load carried by horizontal bending was small for all the ‘sections 
shown in Fig. 180 ) (a), » (0), and (c), but there i is some indication that it was 
pponeonty 30 ft. away from the center than at the center. Fig. 125 shows more 
clearly | the variation (with the distance from the ¢ center line) in the Joad ® 


carried by horizontal bending. The principal part of the load was: carried 
by vertical bending g and direct thrust. It is pointed out in Section 63 that 


in upper part. of "Below. an n elevation of ‘about 35 
tical bending | loads were 1 negative. ‘and increased in value toward the bottom 


as far as they were determined. The loads carried thrust were 


ray 


through the for equivalent by thrust and 


vertical bending,. respectively, indicate that at the bottom of th the vertical 
center-line section practically all” ‘the load was carried by vertical bending 
and none by direct horizontal thrust. — re No determination of the load at the 
bottom could be made, hence this statement refers merely to the load dis- 

tribution above the. bottom. - The load distribution for the sections av away 
from the center had a | tendency to follow lines similar to those described for 

Mes The sums of the loads carried by direct. donk , vertical bending, and —_ 

—izontal: bending, are shown in Fig. 130 for sections at the center 

eds at 10 and 30 ft. _ from ite ‘The agreement between t the sums ¢ of of the indi- 
vidual loads ‘and the total ‘water pressure is very good. — For the se sections at 
“the center and 10 ft. away there was, however, a slight deficiency in the total — 

load at the 25-ft. elevation. No ‘satisfactory explanation: for this deficiency 

has been found. Although there was water pressure above the 40-ft. 

f level, Fig. 180 indicates that there 1 | were loads above that point. These loads. 

- represent the reactions of horizontal upon vertical elements, and of vertical 
upon horizontal, elements ; therefore, they are not external loads far 

entire dam is concerned. ‘Fig. 130 (d), which ¢ gives the of the 

f load carried by different agencies, shows that the sum of the negative | ii J 
above the 40- ft. level was very nearly equal to the sum of the positive ] ads 
and that ‘the resultant _ was ; zero, as it should be since the \ water pressure 
65. —Loads for 40- -Foot Head After Cracking. In raising the water a ver- 
tical crack occurred in the ur ‘upper part of the dam on its center Tine when 
“the head was between 47 and 50 ft. The water was then lowered to an ele- 

4 vation on of 40 ft. and readings were taken. (See Section 40.) These observa-_ 

a tions a: afford a a basis for determining the distribution of load after the « crack as 
formed. loads so determined are shown in Fig. 181. The individual 
ite 


ns of load are | taken from 120, load direct ‘thrust; Fig. 
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ARCH DAM INVESTIGATION 
198, for Loui —" by horizontal bending; and F ig. 128, for load carried by 


The characteristics of ‘Fig. 131 are ‘much the sai same | as those of ‘Fig. 130. 


= 


= 


the be 


nee the shifting of load in . this manner need not be considered as Sane wheres 
ss sible, nor even as improbable. — The rack extended ‘down from the top about Under 
10 ft. on the down-stream | face and 5 ft. on the up-stream face. The effect — taken 
of this crack probably would be to cause shifting of the load from the hor- indica 


izontal to the vertical elements, but with the. opening - of the horizontal erack thrust, 


‘the: bottom of the dam and the foundation, during the previous 
ried b 


elements would cause a res in Joad from the to the hori- tension 


zontal elements. Fig. ig. 131 indicates that shifting more than balanced idly u 


a4 the shifting from the horizontal | to ‘the vertical elements. per sq 
The agreement of total loads” in Fig. 131 (d) with the total water pres- crack 
sure is” very good. The deficiency of los ad ‘the 25-ft. elevation is not so and 
marked as that in Fig. 130, although it is still present. The agree- momer 
ment at the top is not as good as that found for the 40- -ft. head before ‘the this has 
: _ Greater errors — might © well be expected in Fig. 131 than in Fig. J the lo: 


130, since the former ‘represents results of only one te test, whereas the latter zontal 


ia 66.—Loads for 50- Foot Head—The distribution of loads for a head of 50_ ing, th 
of water is shown in Fig. 182, the arrangement of which ‘is the same as hear t. 
"The shift of load from the to the herinonte} elements, noted in For 
‘Section 65 and Fig. 131, is accentuated in Fig. 182 with the increase _ of thrust, 
the head to 50 ft. De This shifting of load, although present, is not very marked dam al 
above the 20-ft. - level, where it consists in transferring from vertical bending 
4 to direct thrust. Below the 20- ft. elevation | the shifting is mainly fr from 
Bist all p previous ‘eases the equivalent load carried by horizontal Seaitiies has 
been so small as to be almost negligible. — With the 50- ft. head of water the 
load carried by horizontal bending became large for the first time, and near 
the bottom of the dam it "was very important. ‘With a head of 40 ft. it was arch di 
Sy noted (Section 64), that at the bottom the entire » load appeared to be carried by ured 8 
vertical bending and ‘none by horizontal bending, or direct thrust. With Poi Poissor 
7 head of 50 ft t. (see Fig. 132) an extension of the load curves toward the bottom stresses 
of the dam would indicate that all the load was carried _ by horizontal bend- ny For 
i, ing a1 and none by vertical bending or direct thrust. i “However, for the reason availab 
given in Section 61, the entire load at the bottom has been assumed to. be 
by vertical bending. This: purely an assumption, but ‘whatever 
ints higher up on 


elevatic 


ore is as good as in 1 Big. and 131 "(Sections 65). 
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Again | there is a a deficiency i in 1 the total load | lids tea a little more marked 
at the 25-ft. level than at other elevations. 
for 60- Foot _Head.—The distribution of loads for head of 
water of 60 ft. is shown in Fig. 133, the arrangement of which is t the same 
as that for Figs. 130 to 182. For the 50-ft. head (Section 66) it was ‘pointed 


that smooth curves di drawn through the | load points i indicated that at 


the bottom of dam all the load was carried by horizontal bending, 


whereas for the 40-ft. head (Sec ction 64) it was all carried by v vertical Sila. 


Under the 60- ft. - head another change i in Ic load distribution evidently, had 


taken place and a smooth curve drawn ‘through the load points in Fig. 133. 


indicates that all or most of the load at the bottom was. carried by direct 
thrust, that is, by arch action. 


hat is, by a 
ix With the increase of head from 50 50 to a ft. Alin proportionate load car-— 


ried by horizontal bending evidently , grew much larger since the horizontal 
tension on the down- atresm: face | near the bottom of the dam increased rap- 

idly until a a vertical crack occurred under a tensile stress of about 500 Ib. 

sq. in. with | the reservoir § standing full. With the formation of this 
crack: the tens tensile stress in ‘its vicinity | must have disappeared, or nea rly 
and correspondingly ~ the a ability ‘of the s section to resist horizontal bending 
‘moment must have been greatly decreased. The effect of-the formation of 
this crack may be se seen in Fig. 133 in the almost complete disappearance of — 


the load carried near ‘the bottom by horizontal bending. — In fact, the hie 


izontal bending load at the 5-ft. elevation | appears to have been ; negative. 2 


_ With the decrease in the proportionate load carried by horizontal bend- 

ing, there was aI marked increase in the load carried by direct compression 

near the bottom. © 4 However, , for the re reasons ‘given in previous sections, ns, the 


element was ‘assumed to carry all the load at the bottom. 


ficiency at 


—Comparison of Observed 

Elements. —In order to bring ‘out the relation of the 
tests and the results ¢ obtained by some of the methods used i in designing arch © 
dams, , Fig.’ 136 has been prepared. Horizontal elements at the 30 and the 50- ft, 
devations, respectively, were chosen as representing typical elements of the 
arch d dam, , and on the down- ‘stream face obtained from 1 the the meas- 
ured strains by a modulus of elasticity of 3 600 000° Ib. per sq. and a 
Poisson’s ratio of 0. 15, are shown, including both total stresses and bending i o. 


dam any point in its height. the 
25 is still present. 


stresses, 


J 


For the 30- ft. elevation a continuous row of strain- "gauge stations was 


available which gave the total strains at 10-in. intervals throughout the entire hs; 
length of the arch. _ For this study the average curves shown in Fig. 14 


ia} 


for the total and the bending strains, respectively, were used. For the 50- ft. Bp 


devations total strains at symmetrical stations opposite ‘sides of the 


center were averaged, and a curve drawn to correspond. The bending 
trains for the 50-ft. elevation were obtained from the clinometer data by 
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ARCH DAM INVESTIGATION | 

process descri ibed in Section 5 8. 3. Both ¢ curves for the 50- ft. al t 
shown in the upper part of Fig. 122. For the comparison with “meas- horiz¢ 
ure ed” arch stresses, stresses” were computed the as assumptions, first, to ha 
arch ribs were fixed in direction and position at the ends; second, that 

they were hinged but fixed i in position at the ends; ‘and, third, that they we were a 


‘at the ends, both as to direction and position. the 


— 
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Fig, 136. oF oF TESTS AND RESULTS OF ‘Merxops 

DESIGNING ARCH DAMS. 


Ac ondition corresponding to the third a assumption exists when a | complete was ti 
ylin drical section is ‘subject to uniform radial pressure, ‘The results for this § s!ven 
ondition are obtained application of the “cylinder” formula to a Note 
circular are. For the first two ‘conditions: ‘the application of the analys sis of 


n elastic ‘circular arch is necessary. For this study the analysis according ie 
rectly 


to. Cain* used. ‘Uniform radial | loads w were considered in all three cases. 
In Fig. 136 (a) full water pressure was assumed. The load used in Fig. 136 (b) 4 


stress 


pees Circular Arch Under Normal Loads,” by William Cain, M. Soc. Cc. E. 
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bicidbadintail sine Fig. 136 (c) a load of the intensity found from the test, 
to have been carried by the horizontal element | at the center of its span was 


asiumed as applied t throughout the length of the element. _ ‘This load was very 
nearly equal to the a’ average load carried by ‘the horizontal clement. ‘All stresses 


in the following ‘comparison apply to the down-stream face of the dam ‘oedent 


| Since with conditions under which the cylinder formula was, applied in 


this study, no bending can occur, the total stress found is a direct -compres- 


sion, and the compression is necessarily constant from end to end of the arch. 


~The value of this ¢ compression is shown in Fig. 136 (a) for the full load, i 
straight horizon tal At the 30- ft. elevation the stress. is 650 Ib. per sq. in. 


and is seen to be larger than the observed ‘total stress for all points except 
for a few feet close to the abutment. ‘This s stress is about 180% in excess an 
the observed stress at the center line, ile at the abutment it is about 35% 


less s than the the observed stress. At t the 50- “ft. elevation the stress by the he: "an 


formula 217 Ib. ‘sq. in. “compression, “whereas ‘the observed stress was 
a tension of about 125 Ib. per : sq. in. at ‘the crown, and a compression of about i 


290 Ib. per sq. in. at the abutment. {a About 20 ft. from” the abutment the 
observed . stress was about 575 lb. per sq. in. compression, or about 165% 


greater than that given by thee cylinder formula. It is is quite obvious that the 

cylinder formula is entirely inadequate to represent ‘conditions found in an no 


arch of this kind. For the second and third loading conditions, Fig. 
136 (b) and (c), a a comparison 0 of the stresses is not shown. 
wi For ‘the 50- ft. t. elevation the total stresses computed for the fixed or the mv 
arch are much ‘the same as those computed by the cylinder - formula, 
and the agreement with the test résults is, therefore, little or no better than a 


that just discussed for the cylinder formula. Much the same comment regard- 
ing the agreement with observed stresses at the 50- ft. elevation may be made 


wid d for the loads in 1 Fig. 136 (b) and since, as shown: in Fig. 124, 


the - form of curve of observed strain is much the e same for the 40, 50, and he 
60-ft. elevations. Furthermore, would not be possible with any uniform 
radial loading to ‘produce the reversal of curvature shown i in the strain curves 


for. these elevations. Therefore, for the portion of the dam at and above the 
40- the assumption of an elastic arch with uniform radial 


» did not give stresses sufficiently close to those found from the test to warrant 


this assumption asa basis for design. is, even when cantilever setion 
mplete /was taken into account, assuming the load carried by ¢ all vertical elements at a 


this § given elevation as equal, “the remaining load on the arch elements” 


a toa | not g give computed stresses in the arches even reasonably, close to the observed — 
suis of stresses for this portion of the dam. If in design the variation in the loads — " 
a ding carried at a given elevation by the different vertical elements « could be cor- 
SEY rectly determined and taken into account, an examination of the arch ribs 
136 (b) under the influence o: of the resulting variable radial load al expected 


to show better agreement between computed and observed stresse 
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ARCH DAM INVESTIGATION, 


‘The conditions for the 30- ft. elevation are quite ¢ different. Her 
fall water load the total stresses (sum of bending and direct on the 
rs + aes down- stream face) as computed for either the fixed or the hinged arch (see 


4 | Fig. 136 (a)), varied from the center to ‘the abutment in much the same 


manner as the observed stresses. iy For the fixed arch the ‘computed s stresses 


are 40, 60, and 20% greater than the observed stresses at the center, -quarter- 
and abutment, and at no place was the observed stress 


< “equal to the observed stress at the ‘center and ‘at ‘the quarter- point, while’ at 


‘ the abutment it was about 35% less than the e observed stress. wcadhridi = 


a The bending stresses computed for full load on th he fix ed arch at the 30- ft. 


“eral a are re slightly greater. Those for. the hinged arch ar are in tension 


_ Fig. 136 (6) shows that , the computed total stresses ‘See ‘the fixed arch under 


the load determined in the design of the dam agree fairly well with those 
= Sind in the test. oe At the abutment the computed stress was about 15% less 
_ than the observed stress. At all other points the computed stress is greater than 
_ the observed stress. For the hinged arch the variation between computed and 


- observed stresses is s greater r than for the fixed arch and the computed stresses are 


the fixed arch observed ‘stresses are slightly larger for the bending 


than for th he total stresses. — For the bending stresses the differences are 


the true conditions were more e nearly those of a “fixed? ’ than of a ‘ ‘hinged” 


for the “total stresses. Thus, as judged by this loading, 


The eile considered in preparing Fig. (136 (c) gave comp uted total stresses 
= for both the hinged and th the fixed arch agree V with observed | stresses better 


- than those in Fig. . 136 (a), but 1 not quite s so » well as as s those i in Fig. 136 (b). 
_ The observed stresses for the 30-ft. elevation lie for the most part between 


“the stresses computed for the fixed arch and those for the hinged arch, for 
“each of the three loadings considered i in Figs. 136 (a), (b), and (c). 


 69.—Comparison « of Observed Deflections, Moments, and Loads on Central 
‘Vertical Element with Those Used in Design of Test Dam.—In Fig. 126 is 
shown at the left the observed deflection of the central vertical element _ of 


the dam, ‘and the deflection computed i in ‘the design. 


ine In the middle and right- hand diagrams : are shown the moments and loads 


ny deduced from » the measured deflections, and for comparison with them, the 

moments and loads used in the design of the dam. ~ In the design the dam 

was assumed to be fixed at the bottom, that i is, a tangent to the elastic curve 

: at the bottom was assumed to remain vertical throughout the loading, although 

F the deflection curve shows that this condition did not exist. The modulus of 


elasticity used i in the design was only 2 000 000 Ib. per sq. in, while that found 


in the test and ‘used in ‘reducing the observed _ deflections to ‘moments was 


600 000 Ib. per sq. This difference in modulys of elasticity should be 
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* Described in Part II, Section 3, p. 18. 
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as it is the curvature of the deflection « curve in 1 combination wil) 
3 modulus of elasticity that determines the ‘moments. difference of 
curvature: of ‘the deflection is offset by difference of the cor- 


oil _ The agreement of the ‘loads obtained from the observed deflections with 
those corresponding to the design deflections is fairly good. The only place 
where the disagreement is important is close to the bottom, where there is a a 
marked irregularity in the curve | loads deduced from the > test. Fig. 128 
shows. that this ir regularity was not present i in the test to the 40-ft head. The 
_ change in the manner of carrying the load is discussed in Sections 66 and 67. 
iTfa as good ‘agreement with | the design Ic loads were found for the vertical ele- 


ments away from the center as is shown in Fig. (126, a better “agreement 
q "between the observed and the computed arch stresses should be expected than | 
“a In the design only the central element was examined, and the load Scud 
it was assumed to apply to all the vertical elements. Assuming: that the 
equivalent load carried by direct in any horizontal element i is constant, 
¥ then for a § given elevation the e variation in the load carried by 1 the verti cal 
elements: must be equal (but opposite in sign) to the variation in equivalent i 


bending load ‘along the | length h of a horizontal element. Therefore, the 


‘curves in Fig. 194 may be used for judging the 1 variation load carried 
‘the vertical elements different distances from the center line. 


variation is sufficiently marked to show that the difference between the ob- : 
served and the designed stresses in the elements at the 50-ft. elevation 


—Summary Reoults. he of the as. constructed 


re 


j onformed closely to those shown in the design. 3 This applies to the curvature | “e 
and thickness of the dam, and to the slope regularity of the abutment 


ay 


The concrete showed a satisfactory | degree ‘of uniformity and strength. 


28- -day strengths averaged about 10% greater than the designed stre h 


of 1 800 Ib. per sq. in. ~The average strength at 3 months: was about 2 800 Ib. 7 

‘sq. in. » and the at 3 months than at = 

the same general trend as the vertical ‘For’ tle 

50- “ft. elevation the strains computed from the temperature changes followed 


“more nearly the measured horizontal strains. For all three elevations there 


the given consideration in comparing the deflections. The agreement of the ob- 
(see _ served with the computed deflection is good only at the 30-ft. elevation. How- q a 
ssses | 
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Later, during the curing period, 1t was found that the relation between 
a temperature and strain in the dam was about as should be expected if the § [iim 
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in. per in. per degree centigrade, th 


average Vi value determined i in the Berkeley tests. This value appears | unusually — 


low, but seems to be confirmed ‘chet the experimental work on the test 


te When - the dam dried out, this. was generally accompanied by a temperature 


rise, and a large | part of the resulting strains may be accounted for by the, 
change alone, , without assuming any strain du ue primarily to 


re 
esults show a reasonable : agreement . betw een observed deflections 


t 

- the deflection computed by the Cain formula from the corresponding tem- 
perature changes. The agreement between observed and computed deflections 
4 is best if, | in the smut, it is s assumed tha that near wr the bottom a of the dam 


hinged. 


at the top » and bottom, respectively, the highest apparent bending stress was 
about 100 Ib. The actual stress: probably was somewhat smaller 


The first evidence of racking was a from the abutments 0 on the 


‘occurred within a few d ys s after the pouring ‘of conerete at that ‘elevation. 
Before the beginning of the load- testing program in J uly, y, the dam on . the up-_ 
stream side was cracked loose from the most the way from the 


top down to about | the 12- ft. . elevation. brof 


* : On the down- -stream face the cracking away from the abutments extended 
down about 10 a. ‘prior to the period from June 24 to July 2, during which 
the dam was allowed to dry. . During this latter period the cracking 


»xxtended downward to about Elevation 30. There is no evidence that it extended 


» bie The ‘cracks that occurred previous to the load tests were between the dam 
and the bed- rock. one occurred within the dam ‘itself. crack between 


the dam | and the foundation on the up- “stream face 


0.05 in. at ‘the maximum head of 60 ft. Under a head ‘of water o 


about 50 ft. a vertical crack appeared on the vertical center line of the dam — 


ieee downward from the | top to an elevation o of about 4 49 ft. on the down- — 
stream face. has since extended downward to about Elevation ‘Although 


% this crack extended entirely through the thickness of the dam, it was nar- | 
rower on the upstream than on the down- “stream face. Under a head of 60 ft. 


vertical erack occurred the bottom of. the dam under a tensile stress 
of about 500 sq. in. This crack extended to a height of about 


ae 


‘i, fe nd 35 were discovered ec the dam had been under a head of water r of 60 


‘Two additional ints asin were found after the dam had been through 


eral storms had been a load of débris hoe more than six 
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Starting ata point on the ‘abutments on opposite sides o 


of the dam, at of 8 ft., these « cracks incline slightly 


mr With a head of less ‘hadi 50 ft. of w ie there was no leakage through the 


dam, although there a small amount around its ends. With a head of 


fy or more, there was a a slight leakage thr ough the dam and inereased leakage - 


The ‘temperature changes between the no-load and the load readings in 


- all tests v were very small. 7 we is to this fact that a considerable part f the 


success i in interpreting the data must be attributed. aa, 


increase of head. For | a head of 60 the measured radial movement at the 


bottom was about 0.0012 ‘in. At elevations of 17 and 33 ft - the movements 
along the long chord were about 0.037 and 0.032 in., respectively. At the top 
of the dam the net change in chord length was approximately zero. Where 


it: was possible to compare these movements with results computed by the use 
Vogt’s formula, a fair agreement was found. 
e 


1 


‘The regularity and smoothness of the deflection curves are evidence of th 


accuracy of the measured deflections. The accuracy was | sufficient to 

mine moments, shears, and loads by “successive differentiation of 

the deflection curves. The maximum deflection occurred near the mid- height 


of the dam for all loadings. | With - the 60- ft. head the maximum deflection bs 
about 0. 39 in. The u ‘upper horizontal element: of the dam deflected u 


a tream within a distance at either end equal to a little less than one- third 
length of the: element. some places an -stream deflection extended 


88 s far down as 20 ft. below the top - of the dam. / The region covered by fe 


stream deflection did ‘not change materially with variation in the 


A, 


Sai _ Tilting of the dam from its original vertical position at the base took 
place. — Accompanying ‘the tilting there appear to have been strains which — 


were not distributed in accordance with the law of conservation of plane ag 


section. 7 This caused serious difficulties in the e effort to interpret the deflec- 


The strains measured directly with” various instruments agreed well with» 
tise 


each other and w 
For the most part the of the principal strains were approxi- 


mately vertical and horizontal. This indicates that the division of the dam — 


= into imaginary vertical and hoeineaibla elements for purposes of analysis not 


| serves convenience but also indicates that the stresses fou nd in this 


“manner will generally be close to ‘the. principal stresses. 
Below the 20- ft. elevation the larger of the principal 


interior points it took approximately a horizontal direction. The largest: 


strain found corresponds to a stress of : about 1 100 Ib. per sq. in. Sate _ a2 0A 

nar. The dam underwent severe floods which | caused a flow of water | at least 
3 ft. “deep on its crest and which ‘deposited. débris against the up -stream face 

to a maximum d There was no evidence that the dam 


ith those found by differentiation of the measured deflections. a | 


foundation was: in general nearly perpendicular to the abutment line. At 
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n near at any time due to these floods, ‘bat there was a slight 
my increase in deflection, 2 and an additional. fine crack occurred near the bottom. 


‘There was « considerable variation in the values” for the modulus. of -elas- 
ticity found for different specimens and by different methods. average” 


value of 3 600 000 lb. per sq. in. was used in “interpretation of the test data. 


A check on ‘the reasonableness of this as a Ww working modulus is found in the 


fact that the total 1 loads at various heights computed from the e test data with © 
‘the use of this modulus agree very W well with the total water | pressures applied. = 


‘The average ve ralue of Poisson’s ratio was as found to be about 0.15 and 


wa as used in the interpretation | of the test data. ‘Because of the smallness 
of ‘this value the effect of Poisson's: ratio on the e results generally has not 


been very very great, although in some instances its neglect would cause an om > 


of 18 to 20% in ‘the stress computed from the. observ ed strain. 
wie ‘The strain due to arch thrust was found ‘to be nearly constant along the 


arch ring at the 30-ft. elevation. other elevations the variations from 
uniformity a along the arch ring were not consistent enough to warrant any 
other assumption than ‘that of uniformity of direct thrust along the ¢ arches. 


‘The strains due to the bending of horizontal elements "were quite large. 
Evidence of is f found in the formation n of ¢ cracks in the dam on the 
center line near the top. and near r the bottom. At the one- quarter points near 


top of the dam the tensile strains “were so great as to. indicate the 
imminence of cracks. point of zero bending ‘moment was about 25 ft. 


~ qu Points of maximum tensile strain in the vertical elements occurred on 
Be sas down- stream face of the dam at approximately the 30-ft: elevation, both for 


the. center- line. .section and for the sections away from the « center line and 
for all heads of water. The largest tensile strain found was about 0. 000075 in. 


“per in. This probably ‘is sufficient to account for the cracks that developed 


—_ the ‘construction joints s after ‘the dam had been under a 60-ft. head of | 


water for 2 2 days. “ae Except for the presence of the construction joints, “es 


crack probably Ww ould not have formed under this strain, 4 
‘There are indications under 60- ft. a horizontal crack 


of occurred on the up-stream face of the dam at the 10-ft. elevation. However, 


no at this location actually was found. 
‘The effect of torsion on the load distribution was small. enough to 
neglected, as far as any indications from the test results i are concerned. _ Exce 


near the bottom of the dam | under a head of water of 50 ft., the equivalent 
load carried by horizontal bending was very small everywhere, However, on 


account of the great length | and slenderness of the upper horizontal elements, a 


the strains ¢ due to horizontal bending loads were important. and even resulted — 
in a vertical crack near top. The “greater part of the pressure was 
carr ied to the abutments. by direct. thrust, that is, by arch 


In fact, i in the upper 20 f ft. “of the dam, more than the total load was carried 


i the 
in this way. ‘a Consequently, the load carr i by vertical bending i in this region 

was principally an up-stream pressure. ‘The point: at which no load 
carried by the vertical elements generally lay at an elevation of about 37 ft. 


elow this elevation an important part f tl 
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Fic. 137.—VIEW OF STEVENSON CREEK TEST Dam, ‘DECEMBER 4. 1926, > WITH aq WATER 
StoRM OF LATE NOVEMBER STILL FLOWING OVER THE 


138. AND Rock DEBRIS BACK OF STEVENSON CREEK TEST Dam, Jun Y 14, (1927, 
_ DEPOSITED BY FLOODS OF NOVEMBER AND DECEMBER, 1926. ae roe 
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197 
abutments: by vertical bending, of. ‘the loads : found be 
to the abutments by horizontal bending, direct thrust, and vertical bending 
was, in all cases, very nearly equal to the total water pressure. nti pales 
The “cylinder formula” was found to be inadequate for the the 

conditions existing in an elastic arch of this type. 7 Cie OO 
® For the portion of the dam at and above the 40- ft. elevation, the assump-- 

j tion of of an . elastic | arch with uniform ‘radial loading did not give stresses 

sufficiently close to those found from the test to ‘warrant such an assumption 


as a basis for * design. | For t the 30- ft. heneagenr=4 the agreement | of the | stresses — 


with those from the test was ss At this elevation the 
results based on an assumed fixed arch agreed with the observed results better 


ebtained from the test with those used in ‘design was found to be ee - 

71.—Present State of the Dam. —Conditions : at Stevenson Creek Dam a afew — 

days after the great ae of late shige 1926, are shown by Fig. 187. - Water — 


about, 3 ft. the flood to a of an inch at later dates. A 
quantity of fine and coarse rock débris, including fragments probably 1 cu. yd. a 
or more in volume, was washed into the reservoir. | During the late spring ‘and - 
early summer, ‘the water drained ‘out through | the obstructed under- sluice, 
leaving the reservoir in the condition shown, 
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of ‘the properties o of the concrete of which the : struc- 
ture is composed. _ - Unlike the metals, concrete is a non- -homogeneous material 


which the elastic ‘properties: vary with and with other factors, and 
‘the stress-strain relation, even for low stresses, is not that of a straight line. — 


For the simple case. of pure compression, such as might | occur in an unre- 
- strained element of the arch near the top of the dam under constant condi- , 
tions of temperature | and moisture content of the concrete, it is ‘required that 


the axial stress- strain. relation be known. «tes 


- Considering the relation between stress and deformation at points remote 
a” 

from the top of the dam, the problem becomes more complicated. 
section of any ¢ element of the arch ting is s subjected t to o direct ——— due a 


the ig and to flexural stresses to vertical beam 
cantilever action. ‘Under these conditions the lateral strains, or those ocr 
ting in a plane at right angles to the direction ‘of stress, cannot be omitted — 


from consideration, and Poisson’s ratio becomes an important factor. ee ve 


It is. known that when concrete is cured in air it contracts and when 


? - hese factors 1 may be ‘confined within v very narrow limits - in certain in- 


stances, as, for example, in an experimental where the ‘reservoir 


reservoir is empty, and where" observations of strains may at 


| When temperature fluctuations are small. On the other | hand, these conditions — - 
cannot be controlled in dams subjected to the | nornial ‘conditions | of i 
Between periods of reservoir full and reservoir empty there is je 


ere is likely to be a Toe 
change in temperature of 100° Fahr. in certain. ‘portions of many dams and © a 


at any given time the ‘temperatures within the dam might have a range of 

30° -Fahr. | ‘When the reservoir remains empty for a considerable period, the 
moisture content is likely to be small and the arch ring will contract; when 


i thy 

the reservoir is full, the conerete near ‘the up-stream face of the dam will be we 
A saturated and that near the down-stream face : may be nearly so, and the arch be 
ring will be elongated due to moisture 
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V.— OPERTIES OF CONCRETE ry 
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: entire life, the volume changes with variations in moisture, expansion taking = q 7 
place as the moisture content increases and contraction as the moisture con- 
tent decreases. Also, like other structural materials, concrete is subjected 
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a ARCH DAM INVESTIGATION 


to increase with the passage: of time » coming to rest when plastic equilibrium 


is reached ina dam subjected to continuous water pressure over a 


continued flow a of ‘stresses might be expected, the 
stresses perhaps being in a measure relieved. 
‘These and other considerations led to laboratory tests to determine the 


a physical properties of concrete which would have a bearing on the interpreta- 
7” tion | of data collected in the field. Since the fall of 1924 tests have been 
a. continuously in progress in the Materials Testing Laboratory of the Univer- 


Pe sity of California, under the direction of the: writer. In September, 1996, 


_ tests were begun on concrete identical in composition - with that entering the 
_ Test Dam. | For) most of the tests the time element is a factor ; the tests are 


; still i in progress and are likely to be continued for some time in the future. — 


2—Txsts ComPLerep oR IN Progress 


aol (1) Modulus of elasticity and Poisson’s ratio, as influenced by miz, 

(2) Volumetric changes due to causes other than variation in teunpers- 

114929 recs as influenced by mix, gradation and character of aggre- 

690. (3) Thermal coefficient of expansion and the influence of 
_ture, moisture, age, character of aggregate, mix, ete. 

: (4) Flow under constant sustained compressive stress, and the effect 


a es of mix, gradation of aggregate, age, stress, moisture conditions, 


influence of age ome ‘time upon pres- 


in the ieetinatien it was deemed necessary to secure close — 


aid of temperature and moisture conditions. = To this end the specimens have been 


a for the most part stored” and the tests have” been carried out in insulated 
if rooms, now four in number, ‘specially constructed and “electrically heated, 


mith) thermostat controls, so o that any desired 


sprays the water is electrically heated to room temperature before being 


3 a vaporizing device and. a hydro- 


stat by which the "humidity may be regulated to any desired percentage above 
50% and which so far has provided a constant humidity of 70 per cent. ‘The 
third room (Fig. 139) is equipped with a hydrostat_ and dehydrator which 


ee maintain the humidity at any desired percentage below that 


a outside | and ‘which | thus far have maintained a relative humidity « of 50 per 
cent. _ The fourth room, in addition to being electrically heated, is provided 
with refrigeration coils so that any temperature between 10° and 135° F abr. 


Bail 
y be maint ned. 


6) Permeability, rate of penetration, rate of percolation, | and the | 
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Moputus or Evasticiry AND > Porsson’s Ratio— -1924 § 


These are being made to the effect of of mix 


of age. Mixes are from 1:3.5 tol: :6, the aggregate being trap rock and beac 
sand. The series is designed ‘to include ages up to 34 years. The 
are 6 by 12-1 -in. cylinders, and loads are applied in compression. — The ecylin-— 
ders ¢ are stored in damp sand. Both axial and transverse strains are ‘measured = 
with mirror extensometers, observations” being made to 0.000001 in. When» the 


series is in than two cptinders will have 


been tested. 


Mix. in | ultimate strength, _ | Poisson’s ratio at 


modulus at1000 


| (1:85 | 370 || 8 580000 
19a-24a 
Bla-B6a 


> 


C2 


gee 282 


Doom 


Pr 


or 
oS 


4 


582 
Ce 
858 


ers 
ELQR 


> iar secant modulus of elasticity is obtained by dividing the unit stress (pounds per. 
oS square inch) by the corresponding unit deformation (inch per inch). It is represented by ey 
_ the slope of the line connecting the origin with the proper point on the stress- deformation 


The far (Table 25) may be as foll low 


(1) For concrete. ‘compression both axial and transverse stress- 
More ant strain diagrams are curved lines; but for a given —a 
older the concrete, more nearly do the curtes “approach 
The indications other things being equal, an increase 
in the cement Tatio | is sccompanied by an increase in the modulus 
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ARCH DAM INVESTIGATION 


itt ‘ies cement ratio is still further i increase , there is a reduction © 


ff 
the value of the modulus. 


the 2 years the modulus may be 50% | then’ at 
general way Poisson’s ratio varies with the modulus of 
elasticity as s demonstratea by Fig. 141, which shows for each 
inder the relation between the secant modulus of elasticity and 
s ratio at 1000 lb. per sq. in. compressive stress. Hence, 
in general, it increases with the age of the concrete and with the 

- cement ratio until the maximum is reached, beyond which an 7 

increase in the cement ratio results in a ‘decrease Poisson’s 

ratio. - In this particular, however, the trend is not so marked | 


as in the modulus of elasticity, 


(5) Poisson’s ratio varies with the stress, being, in general, somewhat 


mr ome ean for low unit stresses than for high ones ; but, usually, for * 


than 10%, and for a given ‘concrete with a stress greater 


than 1000 lb. per sq. in. the ratio seems to be mausid constant. = oe 


[3 


sl) wo Poisson’s Ratio 
Fic. 141.—DISTRIBUTION DIAGRAM SHOWING Sacant Moputus AND Porsson’ 8 RaTI 
1000 PoUNDS PER SQUARE INCH. 1925-26-27. 


te tte od gear (88 9! dat) 


5.—Movuwus or ELAsTICcIry AND Porsson’s Ratio, 


these fifty- four 6 12-in. were cast, the 
cement, cement ratio, and water ratio being the same as for the concrete in 


- Stevenson Creek Dam. In general, the s specimens were stored i in damp sand at ‘ 
constant ‘temperature of 70° Fahr. Tests have alrea been on speci- 
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Se at the ages of 28 days, 3 3 months, and 6 months. "Addition 


1 year and lat greater ages. Ate eac ach age six specimens ar re t 


6 METRIC CHANGES IN 


tune 


on specimens for these tests are 3 by 3 by 40-1 -in. . bars, in n the ends of whic - 


embedded cylindr ical rustless steel gauge plugs or contact Posts. Changes 
in Tength of these bars a are re measured ¥ with a special extensometer er (Fig. 142), 


‘to determine 1 not ae “changes in length, but also changes it in w weight. The 
specimens have been stored in the special r rooms previously ‘mentioned, 80 that 
temperature and moisture conditions have been maintained as desired. -Obser- 


vations, which are being carried out on about 200 bars, have extended over 
periods ranging from 6 months to 3 years. 

CHANGES IN, in CrusHED Granite ConcrETE 


42 These nie are being made upon | bars of the same quality of concrete as 


in Stevenson ‘Creek Dam. . Some specimens have been stored continuously in 
L 


water, the remainder, in damp sand for 28 days nd thereafter some 


alternations varying for ‘the several groups. tests extend over a 


of 6 months. . Fol ollowing are some of the results reer : 


| (1) Specimens stored in water increase in both length and weight. 
: aM _ They increase in length at a nearly uniform rate for the first 
2 or 3 months and at the end of 6 months appear nearly to have — 


yeached a state of volumetric equilibrium. __ 
(9) Sposa stored in air at 50% relative humidity and 70° F ahr., 

after having been water-soaked, both shrink and lose weight, the — 

of ‘shrinkage and dehydration becoming less with the pas- 


(8) At the end of 6 months the specimens in air shrink 3 in. per 100 
ie «it, which is about five times as great as the expansion during 
same period when cured under water. __ 


mC} Under conditions of alternate air and water storage there is no 


different the contraction “accompanying the ‘preceding 
period of air storage in 10 days, or less, but for periods of air 
ae storage of greater duration it appears that the alas 
is less than the total contraction, , leaving a residual shrinkag i 
OF SHED Grantre 


erials as s those in Stevenson 


cra Dame but not quite same For one series the fine 
a -in. sieve) as received contained 26% of granite di 
‘passing the No. 100 sieve and 9% passing the No. sieve. For a second 

- series t the fine aggregate as received contained 25%, of dust passing the No. 100 
_ sieve and 16% passing the No. 200 sieve. The ratio of fine to coarse > Agere 


gate was 2:3 Be For the first series the n mix was 1 ‘cement to 4 —_ —— 
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Fic. 142.—AppaRATUS FOR DETERMINING VOLUMETRIC CHANGES IN CONCRETE. 


» 
TUS FOR DETERMINING FLow OF CONCRETE UNDER CONTINUED STRESS. 


2.6. .° 

nie 
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kept ¢ 
of 4 
then 
to dry 
tempe 


sieve 


tal 
‘ INVESTIG: ATION 

for the s 

mix from 1: 45 5.2. In of tests of 

fine aggregate was us used as received ; in a second group all ‘material passing 

a No. 100 sieve was ‘removed; ; and i in a third group, “fines” ’ passing a 1 No. 100 

sieve to the extent of 6% by weight of the fine aggregate wer eh f 4 


abe The « specimens used were 38 in. square | and 40 in. long, and the change of ae 


length due to ) shrinkage was measured from end to end. " The specimens were 
kept covered by wet burlap at a temperature « of about 12.8° 8° cent. f for a period 
of 4 days after casting. sik During this time ‘no shrinkage \ was found. From 


then on, the specimens were subjected to” a higher temperature and allowed 


to dry for a certain length | of time. ‘They were then r returned to a 
temperature room m and brought to to the initial temperature of 12. 8° cent. before — 
being » measured and w weighed to determine the shrinkage and loss of weight. hic 
Finally, they were oven- dried to a constant weight at a temperature « of 40. 5° 
cent. and ‘then returned to the initial ‘temperature of 12.8° cent. before the 


final “measuring and weighing. This period of oven- -drying is indicated 
Fig. 10, which gives results up to about 3 weeks. Although in general the 


specimens having the most fine material showed the least shrinkage, 
“ence was § slight, and in both series | the shrinkage appeared to be practically — 
“independent of the quantity of fine. material. Ini neither was the 


The results: based on observations extending over 18 months follow: 


The percentage of “fines” (granitic material passing a No. 400 


4 sieve) has no appreciable effect on the magnitude of the shrink- 
age when the concrete is dried, nor on the the 
 eonerete is water-soaked for long period. 
Specimens having the higher cement ratios, in show 


he ok te larger shrinkages when oven-dried at an early age and the 


smaller net expansion when this i is followed by a prolonged period 
bi (3) When, after prolonged immersion, the specimens are again ove “oa 
dried they are found to be ‘both. longer and heavier than they 
were at. the termination of the early oven- drying period. 
(4) The extreme change in length is about 2? in. per 100 ft., or. about 
one-half that for a 


Cu. ANGES IN 


is into four ‘groups differing from one another in rich- 
"ness of mix, which varies from 1:2 io 1: 6. Neat cement bars have also oly 


observation. At of this report the tests been i in 
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_ &f These tests are being made on bars of gravel concrete, the gravel being | — 
4 ‘Screened and recombined so as to give four distinctly different gradations. 
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4 and water-soaked, and have been stored in air at constant temperature __ 
cured in water for about 28 d: sults: 


specimens of a given gra 
then stored in an of constant 
7 constant temperature, they expand and absorb moisture rapidly 
bor 2 a at first and then at a gradually decreasing rate until finally a 
of volumetric and weight equilibrium is reached. Their 


: Py ? ad rate of increase in length and in weight varies with the degree 
tania of humidity; and the magnitude of their expansion and absorp- 

on tion when equilibrium is reached is a function of the humidity. 
originally cured for a normal length of time in 
the eondition of ‘saturation is subjected to successive stages of 
thorough: drying and long periods of air storage, it takes on a 
fowrlly ‘4 tae’ permanent shrinkage, which is not recovered when it is again 

saturated, although it returns practically to its original water- 

soaked weight. It appears, therefore, that over long periods | 
changes in length do not run quite parallel with changes in 
Furthermore, when concrete has passed through the stages men- 
went tioned ‘and, after the final water- soaking, is stored in for 
long” “period and then thoroughly dried, its weight is greater 
a Tener - than the original dry weight but its length may be greater or 
Be laren a less than the original dry length, depending on the richness of 

atl the: mix and the gradation of the aggregate. For aggregates | 
sof low surface modulus, the length is likely to be greater than 

the original dry length, and for aggregates of high surface | 
2G Pea a “modulus it is likely to be less; for rich mixes, greater, and for | 

(4) When dry concretes- containing aggregates of given gradation 
: ie and varying as to richness of mix are stored i in air at a given 
humidity, the richer the mix the greater the expansion and the 

_greater the absorption, = 


(5) T he maximum shrinkage from the original water- soaked 1 length is | 
vi ea for rich mixes than for lean ones and is also likely 
to be greater where the aggregates are of high surface modulus* 
7 _ than where they are of low surface modulus, which, in effect, 
ee ita, _ Means that those concretes for which the individual voids in | 


ss the aggregate are small and numerous are, for the same richness 


= 

Fineness | Surface 


©The fineness modulus of an aggregate is obtained by determining the percentages coarser 
ris than each of the following sieves: 100-mesh, 48-mesh, 28-mesh, 14-mesh, 8-mesh, 4- mesh, 
3%-in., %-in. and 144-in. These percentages are added together and their sum divided by 
a 100. The result is known as the fineness modulus. It is low (2 to, 4) for fine aggregate and 
_ high (7 to 9) for coarse aggregate. The number of meshes are per inch of length. Fs ae 


_ + The surface modulus closely represents the surface area of an aggregate. If g: repre- 

sents the percentage passing the 100-mesh sieve, pz that between the 100-mesh and 48- mesh 
ae sieves, ps that between the 48-mesh and 28-mesh sieves, etc, using the intervals between the 
28-mesh, 14-mesh, 8- -mesh, 4 %- in., and 1%- sieves, _ then s, the surface 
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ARCH | DAM INVESTIGATION 
of mix, likely to greater changes than are 
those in which the individual voids large. 27 
ip These tests are being made on concrete cylinders, the constant ¢ compres- 


sive” stress being maintained by “means” of car springs (Fig. 143). AY In 1925 
= a series of tests was begun on gravel coneretes to determine the effect rey of 
richness of mix, gradation of aggregate, and moisture conditions or on the flow 
_ under a constant com compressive ‘stress of 640 Ib. per sq. in. ues ve ear 
2 were 6 in ‘diameter by 24 in. long and have been sured 
with a strain- gauge over a length of 20 
a order to determine the effect of moisture conditions on flow, the testi 
“were divided into two series, the ‘specimens of ‘series: being con- 
4 stantly wet by - spraying: ata | temperature of 70° Fahr. and those of the other . 
series being kept at 70° Fahr. and 70% relative humidity. _ To determine the - 
effect” of richness of mix and of the gradation of aggregate, e each | series 
divided into four groups: | One ofa a rich “mix and high fineness modulus; 


_ second of a lean mix and high fineness modulus; : a third of a rich mix and low 


fineness ‘modulus; and a of a Jean mix and low fineness n modulus. a 


a. 


the 


ay Vader, a constant compressive stress concrete tends to flow _as 


after the application of load and gradually with time 
until finally it ceases. The magnitude of this plastic deforma- 
may several times the deformation that takes place as 
load is applied, which, for convenience, may ealled the 


ay Other things being equal, a concrete in the saturated state flows 
‘ee materially less than one in the dry state and reaches a state of | 
equilibrium in a comparatively short time. 
a vrs Other things remaining equal, the leaner the mix , the larger sl 


(4) Other things remaining equal, the lower the Wi -water-cemen 


less the plastic deformation, 
die The magnitude of the flow after 5 ‘months of constant compres- 
ee "give stress of 640 Ib. per sq. in. varies from 0. 002% for the wet 
29 


deih specimens of high fineness modulus and rich (1:4) mix to 0. 044% 


ee ay for the dry ‘specimens of low fineness modulus and lean a 


These tests are being ‘made on cylinders 4 in. in diameter by 14 in. long 


the same materials as the concrete, Stevenson Creek Dam. tests 
have been | in progress for approximately one year. de constant compressive by, 


stress is maintained car springs. specimens are u under observa-_ 
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_ type used at ‘Stevenson Creek. x Part of the specimens are kept constantly 
oY submerged i in at 70° Fahr. and the remainder are stored in air at 70°. 

. 4 Fahr. and 10% relative humidity. . The: specimens were loaded at ages v: varying 
i “a from 2 days" to 3 months, and the magnitude of the constant , compressive — 


the se several specimens, from 200 to 1200 lb. per sq. in. 
| Table 28 gives results after periods of loading varying from 267 to 
anya. |The» values in Column (7) are net plastic deformations, in inches per 


inch, occurring after the application | of load, the effect of f changes i in length 
flow having been. eliminated by observing ‘similar 


under the ‘same conditions. Column (8) gives: 
values of the deformations which occurred immediately upon applicati n of 
“the: load. this: writing it a appears that, except for the wet “specimens 
pore to 300 Ib. per sq. in in. at the. age of 7 7 days, | flow is still taking place ~ 
although continuing at a ‘greatly decreased rate. be bivib 
pee The general behavio ior of the specimens throughout the test period is 
illustrated by Fig. 144, in which for both wet and dry groups (designated W 
and D) loaded at 28 days, there are given diagrams for sti stresses ¢ of 300, 600, and 


900 Ib. per sq. in. (marked 8, 6, and 9, respectively). 


“il Examining the results of the tests, the following relations appear to be 


. (1) The older r the ‘concrete at the time 2 of loading, the less rs rapid the 
of flow, other conditions remaining constant. 
Other things remaining equal, the flow under continued compres- 
Ei ee +h _ sive s stress varies with the magnitude of the stress, but this varia- 
ee vai ~ tion is not uniform, being more rapid at the higher stresses. 
(3) After a considerable period the flow 1 under is 
a less for water-soaked specimens than for those main- 
yore tained in air, although i in some instances the rate of flow is more 
hiv 3 rapid for wet specimens than for dry ones during the period i imme- 
diately following the application of load. 
Ls neg Six months or so after the load has been applied the specimens : 
oft holla. in water exhibit a flow which is, in general, less than the instan- _ 
taneous deformation which accompanies the application of load; 
ube but the specimens in air show a flow materially greater than the 
strain accompanying the application of load. 
a) Other things remaining equal, the flow, in a general way, varies 
the instantaneous deformation and hence varies 


the modulus of elasticity of the concrete. 


Tests to determine | the permeability of concrete of the same materials as 


those i in Stevenson, Creek Dam are in progress. The specimens 2 are : 


knife- edged 6 in. in diameter, which bears the s specimen. 
: far, only preliminary tests | have been run. For the principal tests | distilled 


ee water will be used and that which percolates through the specimens v will be 
subjected to chemical analysis. Specimens vw will be tested at various ages, and 
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| Group DC In ” at 70% 
Group Water 


“Ib. per in, 
= 28 day 


« 


of Inches per | 


Unit Plastic Flow 


300-400 50 700" — 


ON PLASTIC FLOW OF CONCRETE ACCOMPANYING CONSTANT 


identical 


ith those used in Stevenson Creek specimens similar to those 
used in studying volumetric changes except that each i is provided with | m- 
ak 
bedded thermo- couples to ‘enable the d determination of its true temperature. 


Part of the sp specimens are stored in water and the remainder in a air. . During 7 


each test, observations of changes s in length ar are made at various temperatures — 


between 39° > and 125°. Fahr., the tests being ‘carried out in one of the insulated © 

‘rooms. ‘Temperatures are controlled within -Fahr. Determinations of 
"change in length are made with a emniine extensometer of 40-in. ‘gauge 
length especially designed for these tests, and ‘the ¢ compensating extensometer _ 
2 itself checked by u use of a compensating - standard bar. r. Table 29 gives the | 
coefficients of thermal expansion per 1° Fahr. for both wet and dry 


clmens at ages of weeks and 4 months. 
Conrricrent oF THERMAL EXPAnston. tas 
age of 7 weeks. At age of 4 


S$ 


a. 


3] 


kj 


~ 


7 
= 


000008 


‘The dry specimens consistently show a lower coefficient than the wet ones, 


is so far there is ; nothing to indicate that either ‘the moisture condition ; 
the age has any marked | effect on the value of the coefficient. nt. Furthermore, 
no- marked variation between coefficients at high and low temperatures 


been observ ed, although it appears rs that the coefficient is slightly lower a at the 
low temperatures. — It is significant ‘that the observed coefficients are | only» 


about two- thirds of the value ‘commonly. ‘assumed, although these low values 


logical in 1 view of the of ther expansion of which 
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‘Savace* anp Ivan E. Hovux,+ Mempers, Soc. C. 


__ Comprehensive | experiments on the e Test Dam Dam shave s shown certain facts — 


about a comparatively thin am dam built i in a a narrow, symmetrical, V-shaped | 
“canyon like Stevenson. Creek. ‘There are many problems on which further 


; ‘experimental data are desired : | What m modifications must be applied in order 7 

; to adapt the Stevenson Oreck data to the design o of arch dams for other shapes 

oof canyon, such as a narrow gorge . with vertical walls; ora comparatively ¥ wide 

gorge with vertical sides; or a comparatively wide | gorge with sloping sides; 

or a a decidedly n non- symmetrical g gorge; or a gorge containing pronounced 
- egularities i in would be the effect of varying the cross- 

ld be the action a arch dam built 


| the w up- -stream stream sides? 
The ideal, an elaborate system as was ands 
Stevenson: Creek, on several f full-sized dams of different design, built in 


canyons having different shapes of cross- -section, is not practicable because 


of excessive cost. it is believed that a fairly satisfactory solution can be 


obtained through careful study of small scale models in conjunction with © 
suitable mathematical _ treatment, the comprehensive Stevenson Creek data, 


such experimental observations it is practicable other 


One of the first qu questions to be decided by the Sub- Committee on Models — 
_ was whether the tests should be carried out at a field site, where natural rock — a 


a abutments were available, or r in a a | concrete pit to be built i in an existing testing — Oe 


laboratory. site of either type could be obtained at Boulder,  Colo., about 
} _thirty- five miles from Denver. In view of desirable co- -operation, as well as_ 
the other advantages of a laboratory, it was decided to adopt the latter. Ps 


for a concrete pit, with massive, heavily reinforced side- -walls ‘and floor, to be — 


- built below the floor of the basement of the Engineering Testing Laboratory 
at the University of Colorado, vers prepared ; and arrangements for its con- 


struetion by University forces: at actual cost, were made. re: The pit is ready 


. for use. . It has a maximum depth of 5 ft., a maximum inside length of 18 ft., 
and a maximum inside width of 12 ft. ‘Fig. 145 shows the plan, with a Tongi- 


‘ent 


tudinal and a. transverse section. The octagonal, stepped design will permit 
‘the testing ‘of models of practically any shape, symmetrical or non- -symmetrical, 


and of practically any size not exceeding the | maximum inside dimensions of 


Careful study has been given to the ‘pouaibility ’ of using different materials 
‘in the models—hard rubber, celluloid, plasticine, gypsum, cast-iron blocks, _ 
and others; and also to different methods of loading the models—by springs, 


* Chf. Designing Engr., U. 8. Bureau of Reclamation, Denver, Colo. 
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wes ARCH DAM INVESTIGATION 
and by water pr pressure through | enclosed horizontal 
. lengths « of rubber hose laid along t the up -stream face of the model. The con- 
clusions | reached were tl that the first models ‘should be built of concrete, that 
they should be tested under triangular loads obtained by holding « a thick film > 
of ‘mereury against ‘the up-stream face of the model, and that experiments 


with of other 1 ‘materials and other methods. of loading should be deferred until 
the r results of the first tests w were available. evianadst 
‘ - 


Lap 40 Diam 
$"2Bars @ 2% 


__Upstreom Face, Model of 
Stevenson Creek Test Dom 


Leve/ 


vertically,or 


Ground Water — 
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*..Trench for 


orequivalent Mercury Pip 
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le sent Basement Columns, 
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----Approximate Location 
of Footing 


Basement 


Scale of Feet 
EXPERIMENTAL PIT 


Roi PLAN AND SECTIONS 


ab LABORATORY, UNIVERSITY or COLORADO 


ee first experiment will be an investigation of a one-twelfth scale model 


of the Stevenson Creek Test Dam. It will be attempted ‘to reproduce 
= actual conditions, as s nearly a as s possible, i in “moisture, | temperature, anchorage, 
and materials. In order that. the concrete in the model and test specimens 


be as ‘closely as possible identical with that in the actual dam, some fine 
aggregate from Stevenson Creek has been sent to Boulder. The decision 


build a “model: of the Stevenson Creek Dam for the first experiments 


Us ay 


: ac based on the fact that complete yey on deflections, strains, bending, 


of abutments, temperature, effects, etc., are available. It is expected 


comparison ¢ ‘of the ‘experimental data obtained on the model with that obtained 


‘These relations can then be used ix in 1 interpreting ‘the pe of 


‘model tests. . They will also be of value i in deciding whether or not it is advis 
le to conduct experiments 0 on models built of or, materiale... ce 
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ARCH DAM ESTIGATION 


Loads on the model will be obtained by forcing mnereury into a rubber bag 

“held against up- -stream face of. ‘the model. The rubber bag Ww will be 
in place by a d-in. sheet steel form curved to the same radius as the up-stream _ 


Heavy bracing ‘will hold the form i in air 


or water pressure will used to foree the mereu) 


careful measurements will be 


p= when the load is applied. . Deflection of the face will 
i at approximately forty points, by means of dials reading directly to 0.0001 in. 7 
Bs -Invar steel rods, the lengths of which do not change a with the — 


in hat 
in temperature, will transmit the m m 
4 face to the measuring dials. ‘The movement of the model 2 
edge of. the base will be measured at the crown section the 


crack anticipated. Movements of the abutments will be observed at 


three elevations: ‘corresponding to the elevations, at which similar measure- 


ments were made at the Stevenson Creek Dam. Strains at the down- stream 


face of the model will measured with the Tuckerman optical strain- “gauge 


VII). Investigations are being made to determine the feasibility of 
using this instrument in measuring other deformations 0 of the : model, such as 


e changes in length « of mid- ordinates in a 10-in 1. chord length, angular rotation I 
‘different elements: of the m 10del, deflections near base and abutments = 

. | Test specimens of the mortar of which the model i is built will be p reserved 

or determining | its ultimate compressive strength and ‘modulus of e asticity. 


These will be 3 by 6-i in, n. cylinders for. determining the compressive as. 
3 by 10- in. cylinders: for determining the ‘modulus of elasticity, and a test 
beam for use in checking the n modulus of elasticity ‘shown by the cylinders. ; 
Measurements of Poisson’s ratio are not considered : necessary in view of the 


similarity between the mortar in the model and the concrete in the Stevenson _ 


Creek Dam. investigations of Poisson’s ratio for the used x 
in 


¢ 


C. E, the University of California (Part 'V). 

When the. experiments on the Stevenson Creek 1 are completed, it 


proposed to investigate the action of a model of the Gibson Dam now being 
+. built by the U. S. Bureau of Sellcaiieas: on the Sun River Irrigation Project 


of Montana, Since the valley at the Gibson site has a _ relatively wide cross- 7 


section, definitely different from the narrow ‘V-shaped section at the Stevenson 
| Creek site, it is , expected that a different load distribution between cantilever | 


.. and arch elements will be found. i Computations made in designing the Gibson __ 
Dam indicate that approximately three- fourths of the load will be carried by 


_ gravity (cantilever) action, whereas, in the Stevenson Creek Dam, the greater 


of. the load was by arch a action. Tentative a a 


iJ — 
it 
n 
nite mercury 10.0 umes as dense as water, a dam 5 ft 
. “high, loaded with mercury, will be subjected to the same pressure at the Bote. 
2 
ly 
— 
4 
| 
DAMS 
PIT 
— 
the 
ine — 
to Be 
ent 
q 
ter. 
an — — 
ent 
— 
vis 
s- 


. 146, although in the 


bi It is anticipated that the experience ‘gained i in testing models paren 


Creek and Gibson Dams, vy ill poir t out what further experimental work is ig 
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_ Doubtless, it will be found desirable to build and test models of | 


other dams, including the 675-ft. Boulder Canyon Dam proposed for the 


eontrol of the Colorado River. It probably will be desirable to. build models 
of other m materials than ‘conerete, especially for comparatively high dams. 


i a 
other material m 
— 
— 
i 
— 
— 
— 
J 
— 
— 
— 
— 
— 


146.—PLAN, 


< 
° 
= 
n 
a 
< 
° 
< 
> 
<3) 


B thick, ‘was s placed } in. up » stream from the dam. - From its bottom, ph ee 


“AROH DAM INVESTIGATION 

“PART OF A CELLULOID THE 


E, Brcas,* M. Aw. Soo. C. E. 
ey April, 1926, Fred A. Noetzli, M. Am. Soe. C. E., Secretary of the Com- aia: 
vetinitg on. Arch Dam Investigation, inquired as to the possibility of using a ‘a 
model t to check the data obtained_from the test of the § Stevenson | Creek Dam. 7 


The writer, having carried out numerous experiments on elastic models of . 


structures, suggested a celluloid model with a reservoir of mercury. Celluloid — 
was suggested because it is many times more flexible than concrete, and n mer- 


|cury was chosen because it is much heavier than water. Although the e model 
| proposed would be only | one-fortieth size, its — and : strains would be 


-2.—CONSTRUCTION OF THE 


‘The model (Fig. 148) is 18 in 0.6 in. thick for the 


upper 9 in., increasing to _more than 2 in. at the bottom. Four our sheets of cellu- 
loid, each 0. .6 in. thick and of various heights, after having been > heated in 


| 


Vie 
boiling water for 2 hours and clamped until cold in n heavy zine- ‘lined wooden 


forms of the proper ‘eurvature, were welded together by injecting “celluloid” 


j cement under pressure | between them thr through small drilled holes, this “opera 


tion driving ¢ out all air and i insuring a continuous celluloid filled joint. The 
cemented sheets were then seasoned in ovens provided by the Celluloid Com- - 
pany, Newark, N. final profile on the down- stream face was | accurately | 
formed to a metal template by hand- -carving done by a pattern- maker. ee 


The celluloid sheets were made of sufficient length for the dam to be 
anchored into the reinforced concrete abutments not less than 4i in. = To form 


tuber tube led to the bottom of an iron container holding about 100 Ib. of 


mereury_ and 1 hung from a chain hoist. Raising: ‘or lowering the container 


caused the mercury t o fill or or empty the reservoir. The time for filling 
emptying and for spore any observation did not exceed 5 min., , and, there- 


: fore, errors due to variation in temperature W were eliminated. 
ray Sample bars of celluloid, 0. 6 in. thick, from the ‘same sheets from ae Ba 


the model was made, were put through ‘identical processes of heat treatment — At, 
and. seasoning. From deflection and strain ‘Measurements on simple beams 


made from the cor ntrol test bars, it appeared that. the coefficient of elasticity 


* Assoc. Prof., Civ. Eng., Princeton Univ., Princeton, N. 


Proceedings, Am. Concrete Inst., 1922 and 1923; Am. Soc. E., Vol. 


(1925), pp. 1208-1 230; Engineering News- Record, a 29, 1927; Beton und Eisen, Novem 


ae. 
q 
a9 
is 
— 
a — 
— 
g 
— 
— 
— 
iim 
— 
— 
tm 
be 
— 
— 
— 
— 
— 
‘the 


a of the celluloid remained practically constant during several months, w ith an 


appeared rensoneble to neglect the Poisson’s ratio factor in ‘translating the 
deflections of the model into those for the full- size ed concrete dam. 
_ Equation (30), the multiplier for model deflections is as small | as 8. 6, so ‘that 


he man deflection readings to the precision of 0.001 in. on the celluloid model. would 
8 give predicted deflections on the full-sized eonerete dam to 0. 01 in. The 
experimental difficulties of predicting arch dam deflections from a celluloid 


4 


- The formula for predicting | hodinddital strains in the concrete dam from 


tr model observations also omits the effect of Poisson’s ratio. This seems logical, 


ae ‘for in neither the model nor - the dam i is there any considerable. vertical direct 
sur y between up-stream and down- stream faces. 


stress at the surface midwa 


—- 


stud 
average value of 263 750° Tb. per sq. in. . Poisson’s ratio for this mat material 
through the of strain in ‘the dam was found by experiment at the 
National Bureau of Standards to be 0. 42. multir 
7 —ForMULAs Fi For Prepictina DEFLECTIONS AND STRAINS OF ConcrETE strain 
4 Dam From OBsERv ATIONS ON It 
q ‘The formulas: for translating the and strains of the celluloid 
4 ‘model into corresponding values for the full-sized concrete dam are as follows: it fol 
Predicted Deflection of Concrete Dam = Deflection of Model x = 8, 6) (30) Hence 
Phirutea Horizontal Unit Strain for Concrete Dam = Unit Horizontal Strain : 4 
Predicted Vertical Unit Strain for Concrete Dam - [Unit Vertical Strain ‘eellul 
- Model — (aa a) (Unit Horizontal Compressive Strain at Middle Surface preser 
= [Unit Strain in Model — — (0.2 27) (Unit Horizontal 
dam. 
| ineluc 
== Poisson’s ratio for concrete = 0.15. i Ben train 
= Poisson’s ratio celluloid = 0. by 
Equations ( (30), (31), and (32) | are readily derived for the special case multi 
ae where Poisson’s ratios for the concrete dam : and its model are equal. Tnasmuch a 
as Poisson’s ratios for celluloid and concrete were found to differ, rational 
modifications of the several formulas were made. Poisson’s ‘Tatio: ean be 
expressed as a function of the coefficients of elasticity in shear and direct 
stress. Inasmuch as ‘shearing deflection or torsional deflection probably had The 
little | to do with the radial deflections of the concrete dam or ‘its model, it Wo0 d 
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he m many vertical, strains 1 measured on down-stream and up- — 
f the celluloid arch dam confirmed this. Consequently, the simple 


multiplier, = 0.216 (Equation (31)), serves for the translation of horizontal 
is that t the unit strains on the celluloid model are about five 


times larger than the corresponding unit strains on the large concrete | dam; a 


uloid 
follows, therefore, that a 2-in. gauge length on the celluloid model has 
eer nearly the ‘same total strain: as a 10- in. gauge length on the concrete dam. . 


-(30) Hence, the prediction of strains from observations on a celluloid model does 


formula for predicting vertical strains in a concrete dam from model 

. (31) observations logically includes an allowance for the difference in Poisson’s — 

| tatio for celluloid and concrete. study of experimental data both for the 
Strain celluloid model and f for the concrete arch dam indicated for the 


irface presence e of a constant horizontal thrust: at the mid- ‘surface between up “stream 


zontal 


(39) Poisson’s ratio is 0.42 for celluloid and 0.15 for conerete. 
The unit vertical strains measured on the celluloid were accordingly 
Telatively too great for direct translation into vertical strains for the concrete _ 
dam. For a model of. concrete, the measured unit vertical s strains would have | 


| 
0.15 of the strains due to unit horizontal thrust; but in the cell uloid- 


model, these vertical unit strains contained 0.42 of the e strains from unit 
S 50 horizontal thrust. _ Therefore, the measured unit vertical st strains in the 1 > model 


4 should be by 0.42 — .0.15, or 0.27 times the corresponding “measured. 
strains ns at mid- surface from ‘the’ horizontal thrust i in the celluloid model Hel before 


is eal nultiplyi ing by the factor to find the cor. rresponding —— vertical unit: 


ismuch strains in the full- -sized ¢ concrete dam (32). 

a had Wo. The apparatus for snunnihiin deflections of the model is shown in Fig. 148, 
) 


The deflections of points on the down- stream face were communicated through © 


1, it 
ode wooden rods- to Ames | dials reading to 0.001 in. mounted | on 
a vertical axis. Inasmuch as the reservoir could be emptied more rapidly than 
sia filled, , deflection readings were recorded for movement of the dam caused by af 
emptying. ‘The: celluloid control beam from which the coefficient of elasticity 


the was | was as also read from the loaded to the unloaded condition, 


elluloid 


logical, _ The radial deflections of the celluloid dam are recorded in Table 80. 

1 direc Deflections were read at ‘stations on the down- stream face every 3 in. hori- 
coe zontally and every 14 in. vertically, corresponding to 10- ft. a nd 5-ft. intervals af 
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the Stevenson Dam as obtained by the in Table 
by the factor (Equation | (30)). 


— <h te Fig. 147 is shown a comparison of these predicted deflections with those: 


actually measured on the Stevenson Creek Dam. ‘The agreement is ‘note- 
n both value and sign. Where ‘measured. are not shown, 


- they were too close to the predicted | deflections to be plotted separately. The 
‘slightly greater deflection of the concrete dam at the 60- ft. ‘elevation. near the 


center line was pro probably due to the vertical crack » which weakened the dam 
_ allowed it to deflect more than was natural for a continuous structure. 
- Considering that the predicted deflections differ nowhere as much as 0. 1 in. 
from the measured aero, it appears ~~ the experimental method using 


LEGEND 
Deflections Stevenson Greek 
‘Test No. 11 
‘Detlections Stevenson Creek Com 


THOSE Comrerss FROM DEFLECTIONS OF A OID 

6.— MEASUREMENT Surr ‘ACE STRAINS ON Down- STREAM Face 


The strains on the ‘down- face of the by emptying the 
were measured with the T ‘uckerman optical s strain- -gauge™ (Fig. 149). 
AF 


consists « of two parts: The auto-collimator supported on the stand, and the 


9-in. strain-gauge attached to the -down-stream side of the ‘model. . Briefly, 
beam of light carrying the image of a scale travels: from the auto- -collimator 


to the strain- “gauge al and i is | reflected | back “fro om ‘the strain- "gauge on to a read- 
able scale’ in the av auto- -collimator. . The light “ray” enters the strain- 
through a special roof prism, is reflected to a stellite lozenge, which ‘rotates 


4 


with varying strain, and from ‘this lozenge is reflected back to the readable 
Readings to 0.000001 in. ‘per in. on a 2--in. gauge length could be made 


“a he apparatus is remarkably well adapted to measuring s small strains, and 


is commendably free. of many common instrumental errors. a he readings ar are 
independent of position of the auto- collimator. Shaking the stand on 


which the auto- collimator i is supported, does not affect the reading. 7 ‘The gauge e 
p ae itself weighed but a few ounces, and was readily. supported against the vertical a 


Engineering (Lond.), Vol. 116, No. 3007, pp. 222-223, August 17, 1923; Proceedings, 
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48.—CELLULOID MODEL OF ARCH DAM WITH DEFLECTION APPARATUS. | 


NOTE SIZE or MAN AT Base OF DAM. 


149.—TucKERMAN’S OPTICAL STRAIN-GAUGE APPARATUS FOR MEASURING DOWN-STREAM 
; 7 


_ Fig. 150.—APPARATUS FOR MEASURING ANGULAR ROTATION OF RADIAL ELEMENTS OF 
SLLULOID DAM TO IN DATA FO JP. AM STRAINS 
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of the athe a vile band. attached to two tacks hive 


= Strains in 1 millionth inches per inch caused by emptying the ¢ ya 


‘filled reservoir, were read horizontally, vertically, and in two 45° directions. 


The stations at which strains were ‘measured and the average of the observed 
unit strains on the down-stream face are fully shown in Fig. 151. To indi- — 


ree in a general way the nature of strains on . the down- stream face, , Fig. 152 
has been drawn showing to an exaggerated scale t] the deformed shapes of areas 
‘that: were circular when the reservoir was empty. is notable that the great 
majority of ellipses | have their major axes vertical or horizontal—not inclined. 


It follows that maximum § stress on the down- -stream face may be found by > 


etermining vertical and horizontal stresses and disregarding inclined stresses. 

Similar observations were made in connection dram 


j 

Evidently, it was not possible to read ¢ a -strain- "gauge on the up- stream face 
when 1 the reservoir was filled with | mercury. was therefore ‘necessary to 

find the up-stream strains by indirect measurement. ‘The e apparatus is shown 

in Fi ig. . 150. es At the ends of each 2-in. gauge length ‘for 1 which the strain on 
‘the down-stream face had been measured, two steel knitting needles, about 15 


% long, were driven firmly into holes in the celluloid. — On the outer ends 


‘these 1 needles corks were pressed. ‘Through these at right, “angles to 

needles, pins “were pushed until two points could be observed in the 

field of a filar micrometer microscope read reading to0.000lin, 


The separation or approach of these pin- points on on emptying the mercury 
de termined the angular movement of the needles. . Knowing the down-stream 

unit strain, the thickness of the dam, and the angular ¢ change of the needles, 


it was a a simple problem i in geometry to ‘calculate e the corresponding up-stream 


7 strains. _ Then, by a averaging the 1 up- -stream and down-stream strains, the strains 7 
at the middle surface | were calculated. The r results for the up-stream 
ar and middle surface strains are not recorded, as corresponding values for the 

Stevenson Creek Dam are available for comparison at only a few points. 


of the strains to which account was 


in the celluloid arch dam the thrust a at the ‘surface at 


elevation is nearly constant. Also, 1 these calculations indicated | that there was” 
little vertical tension or compression at the middle : surface 0 of the model 


observations 2 are in n agreement with commonly: made. 


‘Strains on the down- stream of Stevenson Creek Dam for 


zontal and vertical strain, , respectively. ‘For example, for a point on the 
‘marked in Fig. 153, the” ‘strain 


eh on the 
The comparison horizontal strains (Fig. 158) is jal: 
the differences being logically explainable by the vertical cracks that formed 
n the concrete dam i in the the areas of f horizontal tension _ The agreement between — 
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“451. UNIT STRAINS ON THE CELLULOID MODEL, AVERAGES OF BoTH 
SIDES — IN MILLIONTHS OF INCHES PER INCH. 
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1a. 152 STREAM UNIT STRAINS ON CELLULOID MODEL PLOTTED 
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‘Fic. 153.—CoMPARISON AND PREDICTED VALUES FOR LINES © 
OF EQUAL HORIZONTAL STRAIN, DOWN-STREAM FACE, FOR 60- Foot HEAD. 


AS MEASURED ON 
"STEVENSON CREEK 
10° one 
G 154. —C OMPARISON BETWEEN MEASURED 4 AND PREDICTED VALUES FOR LINES OF 


EQUAL VERTICAL STRAINS ON DOWN-STREAM FACE, FOR 60- Foot HEAD. 
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is generally satis- 

at about: the 20- ft. elevation line of the down- 
red strain is ‘much than that 


predicted d deflections, which ‘Tesults in a a smaller vertical bending strain 


the: Stevenson Creek Dam, on the down-stream face at the 30-ft elevation. 


The « cause of the flatter curvature is the gr eater | deflection of the concrete dam 
of the 60- 80-ft. elevation ; ; this, in turn, appears | to have e been caused by t the 
i vertical crack on the center line near the top, which weakened the arch and 
than predicted, thus relieving the 
“i Tests on the full-: inva concrete dam compared with those on a celluloid 
-- loaded with mercury indicate that quantitative > predictions of deflection 


_ and strain can be made for the dam from the model. —6dItis believed that at these — 


a predictions from the model agree more closely with the observations than 
would results of practical mathematical analysis. Even closer” 
a a? between the model and the dam would be expected if the model had been cut 
where its tension indicated that cracks would form in the actual dam. 
For the practical use of models to evaluate stresses in proposed or r existing 


nerete arch dams, the following procedure is ‘suggested: 
a el Build a ‘celluloid — to such scale that the strains ns produced i in the 
a celluloid | by loading of mercury will be about five times as great as for the — 
concrete. This means that ie. model should be about one-fortieth the scale — 
2.—Measure the on the down-stream face with Tuckerman’s optical 


a om gauge when a reservoir on the up-stream face is filled with mercury. © 


—Measure the strains on the up-stream face with Tuckerman’: = 


opposite in sign; reversing the load reverses the stresses fi in sign, 
but not in value, as is generally true for continuous structures* = | 
ee —Predict the horizontal and vertical strains in the concrete dam by the 

conversion formulas, Equations (30), (31), and (32), allowance being made 
for linear dimensions, weights of loading fluids, values of coefficients of elas-— 
ticity, and Poisson’s ratios for concrete and celluloid. 
oi _ 5—Compute from the predicted vertical and horizontal strains in the 
a. concrete the corresponding vertical and horizontal stresses, dain allowance — . 
‘aa by the usual formula for Poisson’s ratio for the concrete. — ie a ee 


sl skillful and patient assistance in making measurements 
 and_ computations and for other valuable help, the writer is indebted to 


a a. D..B. Sloan, Jun. Am n. Soe. Cz E., a graduate student at Princeton University. 
: = University provided services and facilities. The Power Division of the 


American Society of Civil Engineers: made contribution to the 
ey nd the Committee ‘on Arch Dam 


This procedure would have reversed the load on the Stevenson reek Dam 
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‘The ge general method | described herein a applies to any nearly vertical, fairly 


thin, symmetrical concrete arch dam. The numerical computations refer to 


The analysis rests on the a ‘assumption that the dam acts mechanically as an 


‘shell; and ‘that this shell 


small blo the of the @ shell: and 

by two horizontal planes close together and two vertical planes close together 
Fig. 155) is in equilibrium under the ‘influence of all the forces 
: a acting upon it. The couples are the following: (4) The bending « couples — 


contained in _ a. vertical ‘plane acting upon the. horizontal 


sections; and (3) the twisting couples acting upon and 
PF zontal sections. The forces are the following: Transverse shears (in radial 
directions) ; horizontal thrusts (or arch thrusts) vertical thrusts; horizontal 
and. vertical central. forces (perpendicular to the radius) ; and, finally, 
> 
the weight « of the bloc and the water pressure. 
These forces and and the changes i in cause the block 
deform. Plastic. flow of the concrete and swelling and shrinkage due 
variation of moisture, although important, are not considered in the p present 
study. The blocks, which fit one another so as to form a continuous shell. 
7 before deformation, must do so after deformation also ; that i is, the geometrical 
From the two principles, that of equilibrium, and that of con- 
 tinuity, various general equations a are derived, especially a differential ‘equa-— 
tion for | the , deflections of the dam. A general method is given n for solving this 
equation . under the assumption that the arch thrust is constant at each ope 
tion, that is, it varies with the elevation only. 7 ‘The i inaccuracies introduced by | 5. 
this assumption are discussed i ina general way, but are left otherwise for cor- 


The deformations of the bed- rock. are taken into 


‘shell. some ‘distance into the bed-rock to an “imagined fixed abutment. 
a different abutment lines are found: : One to account for the res of the 
true abutment, the c other to account for the effects of the thrusts. 
The general equations reveal certain features of the influence of Poisson’ 3 
ratio (the ratio of lateral contraction to 
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pre sents itself i in connection with the tests of models. 


the test of a celluloid model as applying to : m. On 


( in Poisson’s ratio for the t o mate 

am n and the model will not produce exactly simila 

tions. can one expect that they will produce exactly similar distributions | 


ses. By introducing additional loads on ‘the model one may, | how- — 


it deflect sim ilarly to the dam. ' The | question arises: : What are 


‘ion: ‘show that except: for discrepancie 
i nfluence, it is sufficient. to introduce additional 
at the crest o of the These loads consist of horizontal radial fore 


and couples contained in radial planes. Their purpose is to bring about 


similarity in the conditions of deformations at the crests of the mode L 


? 


the dam, respectively. feature ‘the general analytical solution sugges 


“gestion of supple pentary. tests co ‘cortect for Poissan’s ‘ratio is s included on 


‘amount of the importance of investigations by models. 
The general 


solution referred | o allows a certa 


the type of functions i in terms of which the numerical work is carried out. Me 


‘a reasonable degree of accuracy. is to be 
obtained without an excessive amount of work. The choice made first, while 


h s investigation w was ‘progress, led toa difficulty of “s all differences”. 


| After lengthy: computations results expected tob bes e significant : appeared as ‘small 

"differences | between large numbers, the accuracy was lost. It was neces- 


the general statement of the ‘solution, sele 


ordinary linear. of fourth order variable coefficients. 
In the plan adopted these two equations are replaced ws one. - The solution of 


‘this equation does not. represent: t the final: answer, 


"plementary computations s of 2 a much simpler kind “The: solution ‘corresponds 


M distribution of the load o1 n the dam el 


supplementary loads n necessary sary to reproduce | the tre distribution can | be com- 
puted readily, and their effects can be estimated by v various means. These loads 
f nature that if they are « considered to act upon an independent ‘ 


the > will add pra tically ‘nothing to the thrust ‘Bie, arch ; 


hat is, they produce | ‘bending of the arch only. These supplementary loads 


important close to the > top o deflections are” 


accounted for by ‘considering th 
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RCH DAM INVESTIG: SATION 


ibu ed, much to the understand ng 


Using. these _inyestigations an engineer with judgment n may an 
4 4 AY 
dam rationally. On account ok the complexity of the ‘atrustarel action 


an arch th it is expedient in each investigation t to concentrate the. atten-— 
tion on particular. phases of the problem. It is a profitable feature. of this 


of papers that the varies. Messrs, Smith, Noetzli and Howell 


as curved beams, have distributions of different from ‘those’ of 
arches or beams. Professor Cain’s  discussi 


-valuable ‘in that they represent a balanced judgment of 


‘is hoped that the present investigation 
as light ‘on certain 


be ides ibed by eferring t to the cantilevers. 
Patio a change of curvature of a an arch at a particular point is accompanied b 


an tendency of the interse cting cantilever to ‘shane its. curvature at the same 
¥ { 
point, and vice versa, 7 


arches” or two adjacent cantilevers at certain’ “point 
amounts, The isting moment resists 


One may say. also. that t the twisting Moment, removes bending 
moment from one or arch, and puts: it. into the adjacent one 


 Twistin in the flexure of slabs?” rectangular 


supported o on four ‘sides deflects and j is stressed d differently from a ag gtate-like 


structure of the, same shape, consisting of two systems of crossing I beams, , tied 
together at the points of intersection. The torsional resistance er stiff 


slab, and it must have » some influence in t 


‘When the influences of f Poisson’s s ratio and of the twisting moments 


sidered, the simple picture no more exists in which independent arches a of 


antilevers ‘deflect. equally at each p point: in common, when the load is divided 


ivi 

roperly between arches: and cantilevers. structure, tl _ therefore » is. ate 

as an elastic s shell, rather ‘than. os a intersecting arches an 
antilevers. 


‘this ‘relative rotation of tw pani 


Soc. C. E.: 


2027 ; 


‘Vol. ‘LXXXIV (1921), p. 1; “The Relation Between Defiections ond Stresses in Arch 
by Fred A: Noetzli, M. Am. Soc. C. E., Vol. LXXXV (1922), p. 234; ‘The Circular Arch oe 
Under Normal Loads,” by William Cain, M. Am. Soc. C, E., “Vol. LXXXV (1922), p. 233; % 
‘Stresses in Thick Arches of Dams,” by B. F. Jakobsen, M. Am. Soc. C, E., Vol. 90 (June, 
2 1927), p. 475; and the following very recent paper: “Analysis of Arch Dams by the Trial Load 
by - Method, ” by Cc. H. Howell, M. Am. Soc. C. E., and the late A. C. Jaquith, Esq., Proceedings, 
Am. Soc. C. E., January, 1928, Papers and Discussions, p. 61. See, also, the recent book on dams 
where, in addition | to a treatment of the subject, further references are given: “Die Stau- 
-mauern,”’ by N. Kelen, Berlin_ (Jul. Springer), 1926; and the tin. Cul allied subject : 
von Behdltern,” by Th. Péschl, Second Edition, Berlin Springer), 
(with a chapter by Charles Terzaghi, M. Sec. C. E.). IE: 
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ARCH DAM: 


in study, not to consider any thick-arch action. The “assumptions are 


maintained that a straight line drawn through the dam perpendicular to the 


middle surface before deformation remains straight and “perpendicular to 


he middle surface after deformation, ¢ and ear the stresses ‘are distributed — 
through the thickness of the dam according ‘to straight- line diagrams. 
The method described is too elaborate to be used directly in design. — ‘The 


: present stage of the work, however, is that of research, and here one a; 
Justify elaborate computations if they the ultimate qi 


A nomber of the ‘about to be introduced ‘appear 
yet 


pita Ordinates and ‘Dien sions 


A cylindri ical contai 


for reference. In the base the Steverison Creek this cylinder is 


| ""e = radius of this cylinder of reference, equal to 99 ft. 3 in the case 


horizontal distance measured on this cylinder from the vertical — 
plane of symmetry of the dam. The co- -ordinate, x, identifies 
radial plane in which any point is located. 
‘y= vertical co-ordinate of any point, measured “downward from the 
4 Se aT ‘horizontal plane ‘of the top of the dam. The two co- -ordinates, 
x and y, identify the horizontal ‘radius upon which any point 
wo y = horizontal radius of the middle surface; r, is a function of y only, 
“and does not depart. greatly from r. In the Stevenson Creek 
eke a T= = 99 ft. within the upper 30 ft.of thedam. 
-co- fixed abutment introduced in ‘the 
‘computations for the purpose of taking into account the rota- 
) ei baal | tion of the true. abutment. due to the bending moments. This | 
imagined abutment. lies a ‘small distance inside the bed- 
: gg to be added to s for the purpose of taking into accoun 


3 
to avoid 


ores eile component. of the deflection of the’ middle surface in the direc- 


_ tion of the horizontal radius; this deflection i is considered posi- 


b doris} 1e thinness of the 5 
n view of the t 
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this purpose; becomes 
Creek in the con . The value chose 
— awkwardly larg 


perties of the Materia and Measures of Stiffness of the Dar 
= modulus of elasticity of the concrete; in the 
assumed to be.3 600 000 lb. per sq. 
. p = Poisson’s ratio of lateral contraction to longitudinal e 


the concrete; numerical values assumed, = 0.15 
ep = coefficient of temperature expansion for the concrete 


= measure of stiffness of the dam in flexure. 


aN _ Internal Forces and Couples 


sain g internal forces and couples reference is thade to‘ 
x”, and “the section, d These se sections extend through the thickness 


4 


-co-ordinates, 2 and + dz. The section, dy, is a part of a vertical radis al 


: th e dam. The section, d x, is horiavntel and i is bounded by two radii with the 
plane, and lies between ‘the y and y + d These sections appear as 


3 faces of the block in ‘Fig. 155. The forces and ¢ couples | shown in Fig. 155 are 
resultants- of internal normal stresses and shears. The symbols which follow 
: represent the values per unit of length of the dimension, dz or d Y, respectively 


T he forces may be stated in ‘pounds per r inch, the couples i in inch-pounds pe! 


inch, or, in ‘= 


vertical chine upon | the segtion, a. 
of the dimension,d@. 
sidered positive ‘downward when upon the “part of 
_ increasing values of x; that is, , the part of the material having 
larger values of x than the cross- 
= horizontal central shear, acting upon the section, as x, along a 
 taugent to the middle surface. When acting upon ‘the part 


below the section, P is considered in 


it transverse shear (in the radial acting upon the 


= sending moment upon th 


pe Ts ad it t tends to produce compression in the up- -stream surface 


— 

it 

Loads and Change of Temperature 
== water pressure per unit of area of the cylinder with radius, 
al 
— 
— 
— St), acting upon the section, d y, ood -_ 
— 
— — 
— 
16 — 
— 


"bending moment acting da, pos i vhe ae 
Labels ar tends to produce compression in the up-stream surface. = 
and M,, ‘= twisting moments acting upon the sections, d y and d x, respec- 
tively. On account of the theorem of equality of components 
of shearing stress in two sections perpendicular to each 
other, the ‘two values are nearly equal when, as assumed © 
here, r,, the radius of the middle surface, differs only by a 
small ‘amount from 7, the radius of the cylindrical ‘surface 
which the dimension, d x, is measured. The twist- 
moment is considered positive when the two 
moments together tend to produce compression in the up- a 
stream surface in a diagonal direction of. increasing values 
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oe ei normal horizontal unit stress in the direction of af the inctement 


= normal vertical unit stress, positive as ten ty 
weak 271 age = shearing | uuit stress in the. same two sections, in the directions | 
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ARCH DAM INVESTIG. ATION | 


{ 


stress is when ‘it tends to. produe 


in besa) gation in a diagonal direction of i increasing values of x and y 


= elongations i in the directions, of d x and dy respectively 
i 


= detrusion the shearing stress, 


zontal planes at the ere dy, and the up-stream 
and down- stream surfaces of the au x he two radial planes will be referred _ 


0'as 


_ to's the back and the front, and the two horizontal planes as the top and the . 
See bottom, ‘respectively. The dimensions, d x and dy, are, of course, to be inter- 


preted as ‘infinitesimal distances. The forces and couples” shown in the dia- 
gram (and defined in Section 2, under ro the hea ding, “Notation”) ‘hold the” ‘ 


Consider, first, ‘es: forces in the direction of t 
the center of the block. | The transverse shear, Qe acts on the back of 
the block over the height, dy. ~The total value is 0, ye passing from the 


back to the front at the wale, 
Tease is a as 2 
4 
hé ‘stated i in Fig. 155. Ignoring which are infinitesim 
ress 

- order higher than the sevond, one finds a down- stream force resulting ells 


h back the front 


and, the b ttom r ult in 


pressure is wdady. only fore 
emain to considered : are the thrusts (P, yon the back) 


for the on front and the back, one finds, ignoring again the quan- 


tities which are infinitesimal of. an order ent than the second, a resulting 

up- “stream force equal to iyx—. 


% 


these forces, and | divi ing. by the 


one finds the equation of e eee of radial cae 


umming, 


 * The equations about to be may well be with the ones 
applying to a slab. See, for example, the book by A. N&dai, elastischen 
Berlin (Jul. Springer), 1925 ; or the paper by W. A., Blater, M. Am. Soc. C. E., and am 
writer; “Moments and Stresses in Slabs,” Proceedings, Am. Concrete Inst., v. 17, "4921, 
415 (or, Research Council, Reprint and Circular Series, No. 32). 
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Indicated in the diagrams. 
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Next, take moments with respect to through the center of 
the block. bending mo moments acting upon the back and the front have 


dea. y. i The twisting 1 moments acting on the the 


heir. Aiiterence, 5 My 


* omitted because 

is; oment, da, in the 
% ees direction. = horizontal distance between. the central shears on the top and 


‘negat 


ikewise, by (aking moments with respect to an ash 


of the block i in the dire ction 3 the increment, d x, one obtains the equation, _ .. 


wr By sumiminig “up ‘the components of forces in the. direction of the 


ment, dz x; and in the: vertical. direction, respectively, o one finds two equ 
© 


In the moments with toa a radius drawn through 


the: center of th 


By all the two as vectors, finds 


Thu one obtains the equation of 


yz 
Equations, (33) t (88), inclusive, are necessary and sufficie for the a 
of the block. 


__ If the two shears and the twisting moment oceurring in Equation (38) are 
about equally significant in producing shearing stresses, it may ‘be observed 
that since r is laige compared witl the quantity on ‘the right side of the 


equat _will be very small compared w ‘ith each of the two t erms on. the left. 
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central s 


Byuation 38) by. the prs relation, 


By differentiating Equation (34) with Tespect to and Equation (85) w ith 


making use of ‘Equations (89), and (40), one finds the following 


i 


es at all, the term, - 


ms. ‘By ignoring the 


ir, whieh is singer 


These equations are 
Airy’s stress function.* In terms of this “method the "wo. Equations. (42 


equivalent to the statement that a function, PF, exists, called 


dy; 


4 of the properties of of the material. 
4eRelations Between the Internal Forces and Couples, th Stress 
a the Deformations.—In 1 the relations: which follow it is 3 advisable to interpret t 

as the: thickness measured in a direction perpendicular to the middle surface, 
3 rather than im a horizontal direction. Since’ the middle ‘surface of the dam 

investigated does not ‘depart greatly frond ‘a vertical cylinder, the difference 
between the two’ interpretations is” not important, and the choice may be 


6° 


“Mathematical Theory of Elasticity A. E. H. ‘Love Third Editio: 
A. and L. Foppl, ¥v.2, Second Edition, 1924, p. 24 
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no -thick- arch action is considered, stresses "produced 


- down-stream surface by the bending moments and twisting moments ee y be 


found b by dividing | the moments by ‘the section modulus per unit 


1e finds the. SeNiisisines cianidinil stresses in the surfaces, with the upper 


igns. referring to the up- stream, and the lower to the iad cae surface: 


ii In terms of the modulus of elasticity for tension and compression, FE, and 


Poisson ratio, My the modulus in shear i is The strains 


etrusions to the in ‘Eau 

by 
ti 
&y = = 


w Solving th ‘th 


are e useful i it ti - deformations (for example, strains obtained | 


s of stresses : tants 


(In the followit statenients 8 
‘€ of r,. The distinction between the two is unimportant at ‘this place. If all 
7 eititd of the shell deflect the same amount, z, the curvature of the horizontal 
center line (horizontal curve on the middle surface) changes by the amount, 
the ¢ r maine zero, at a particular point while” the shell 


ed center Tine changes by the amount 


the case, anges ‘curvature of the 


CURES. 


tn and of the line | | the 


changes called positive correspond to positive bending ‘moments. 
twist. of the shell at a given point for horizontal and vertical directions is 


ie eens equal, to the rate, at which the horizontal tangent rotates as one 


e tangent to the vertical 
al di rection. This twist is 


stated as — 


phe ‘state of moments, 0, point prodt ces a change of. 
- curvature of the horizontal center line equal to ——, M, anda change of curvatur 


in the A 
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ce M, The state momen 8s, ] 


vertica center line equal 
The twisting ‘moment, Moy does" 
te ‘to these curvatures. “The arch thrust, P, » by shortening. the 


center line, contributes an amount + 


1s amount and a 

ignored An 


Thus, in the general ce I. with M, 


and M, contributing to the curvatures, the change of curvature of the hori- 


ine ‘as s follows: 


and 


he amoun 


. The state of 


may described in terms of moments 


x, and dy, making angles: of 45° ° and 
t state of moments consists of 


‘and the twisting 


which refer to the in clined direc of dz, 
with the direction of da. equivalen 
‘the bending ‘moments, Me, = Mey ‘and My, 
moment, Moy = 0. The corresponding curvatures of th 

Equations 48) and (49)) are defined | y the statement, ma 


«+ y), one finds, ai gi 
eters | 


igh 
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be 
pper — 
(45) conte 
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ew of the foregoing equation containin 

r the shell becomes, _ Creek 
genera 


50) for them moments 


- substituting the values of the > moments: given in 


because 


sae Equation (86) contains, in addition to the funetion, wae the two unknown 


iP; ‘and Py; the thrusts. These two. may be expressed 
in terms of the one function, F, the stress f i 


and F, jointly, d define the structural action ‘of the dam ‘Since there are two 
such. an additional equation is needed. 


It is possible to derive an additional differential ‘equation for F a 
which F occupies a prominent place similar 0. that of z in Equation (56) 


Since F defines the central forces, Pi hss and P.y, the new equation is ‘called E 


the equation of the central forees _ This) differential | equation is not used in the 
work which follows , but is replaced by an pproximate equation. 


‘reason ‘it will be derived here: in the relatively simple form 


parts of the dam here the thickness | is constant, and the 


in the theory of slabs. — See the 
Ss Cc. the previously 


| 
Tet 
That nd introduc- 
ane he prominent It 1 
uation (56) it by the £, cerni 
ied in it M f 
— place occup ing 
and, 
— 
yo 
defor 
— 


Png of 
middle surface i is a a vertical cylinder (euch as the upper 30 ft. of the ‘Stevenson " 


Cree Dam). There is no particular difficulty i in deriving the equation in the 


general form, to the , general case of variable thickness and 


Tet = deflection of the point, 


of the same point in the direction of y. 


Then the and detrusions i middle surface I 


tevoie 


ompectivey, an finds the following equation (called 


equation of compatibility, being: a condition - con 
substituting the values, «, = 
of the stress- function, F, E uation 7 4 one finds 


central forces (for constant, t and 


on the thin arch di 
artial ‘differential equations of the Bquations (8) and a (68), 


cult however, to deal with two such simultaneous equations. 
present stage of the investigation: it appears advisable to dispose of the second Bt 


art 
equation, the equation for F, by introducing simplifying assumptions con- 


‘cerning the central forces. Iti is possible. to estimate the i inaccuracies ‘result Pain 


_ing from this prot re 
“The simplify 


hese. assi mptions are equivalent to. the. statement that F is. 
y rts is assumed, furthermore, that Pr may be expressed i in terms of the — 
deformations as if «, es were zero One finds then from the 
* Compare Equations (58) and (59) with the corresponding ones for r= @ 
co-ordinates, z and y)- A. and L. und Zwang,”” ‘Second Edition, 


1924, pp. 53 and 


urface in the direction — 
oo 
3) 
By 
in 
h —— 
iii 
nt | 
cal | 
wo 
ms 
ms, 
on. 
rm 
| 


6), or the purp Be of th 8 parti ula 
uni 

‘the first Equation (46), the uni shortening 


= £ P. In considering one-half the arch, this aeantog is assunied | 


occur over r the le ngth, 8 l, in which, distance added to s in order to 

account for the. deformations of the bed- rock. The left side of Equation. 

(62) “expresses: the total shortening with the effect of a drop ‘of temperature, y 

included, The Tight side expresses bag same total shor ening of the curve in 


terms of the deflection ‘he equatio 


onjunction. with, the equation, of flexure E quation: fa) 


becomes nearly correct if P is interpreted ¢ as the average value of P, at the 
articular elevation. 


Conditions vat the Top | of the Dam—The following condi- 


apply. ‘at the. top of the dam A Sais ney 


‘ 
ie In addition, ‘hoes 3 is a condition referring to the transverse shears, Qy and 


the twisting moments, The s same boundary condition | applies to a slab. 
The peculiar feature that the two quantities should lead to only one boundary 


_ conditio was explained in 1867 by Thomson (later, Lo rd Kelvin) and Tait.* 


Assume for: the time t being that transverse shears and twisting moments 


act at the p as shown in Fig. ‘The twisting ‘couple, Moy d x, acting 
upon E Element No. 1, is to be thought | of : as . the resultant | of the shearing stresses 


parallel to the increment, dx. This couple i is equivalent to the ‘couple, s shown 


in F ig. 156(b), which ‘consists | of. two transverse, | equal and opposite forces, 


Mey with the arm, d: xz. It is permissible to replace the original twisting 


 geouple by: the equivalent couple because this replacement causes only minor 
Jocal disturbances i in the state « of stress. The slightly increased twisting couple 


bik 


acting upon ‘the adjacent « element; No. 2, may be replaced in the | same manner 
by two > transverse forces, as shown in F ig. 156.° The result i is surplus 


transverse force, a “dx, acting up stream along the boundary between the 


two elements, ‘that is, a transverse force, 
quently, the combination of transverse shea and twisting’ moments, 
4 
acting. on. the ‘top as external forces, m: may be replaced by the distributed | reac- 


vin and Tait. ‘The bo boundary con 


“Natural Philosophy,” by, Thomson and Tait, 1867, see Article 645-648 in t 
iti Platte by A. N , 1935, 
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IMAGINED FORCES aw Court: ES AT TOP OF DAM 


of Bed-Rock and the Boundary 


‘ments.—In stating the conditions which the solution of the equation of flexur 
must satisfy at the abutments, ' use is made ¢ of an investigation by Fredrik Vog 


dealing with deformations of bed- rock. +. He gives formulas for average trans-_ 


lations and r rotations of the base of a ‘rectangular block standing on deformable 


the rock, and to be Sy eegnactad on a new rigid foundation at the depth, ae He e 


states the values. of hi necessary in order that particular motions of the original 
foundation. may be reproduced i in the ‘imagined case at the same elevation. — 


problem of the deformations of bed- rock is. worthy of an intimate 
study. owever, it is expedient to use now a quick a approximate procedure for 


5 taking these deformations into consideration. _ The idea of the imagined fixed re 


abutment i is ‘well- suited to this pu purpose. The procedure 1 may be explained 
referring to the Stevenson Creek ‘ig. true abutments 


“Ueber die Berechmung Fundamentdeformation”’, by Fredrik Yost, Det 
Videnskaps- Akademi, Oslo, Avhandlinger, Math.-Naturv. ‘Klasse, 1925, See, also, 
his discussion of the paper, referred to previously be Cc. E 
T Cc 


E., Vv. ww (June, 1927), 


1s (35), (53), and (54). One 
: 
—— 
} 
reac- 
ie later 


using Vogt’s ay ‘the depth, hy ‘the factor” in which, 
m=- , will be replaced by unity. Furthermore, a factor equal to’ ‘the re thitto, 


of the moduli of elasticity of the conerete and the bed- rock will be ‘included. 


This ratio is assumed to be.1.8. Fora » long concrete wall of constant thick- 


with a uniformly distributed couple tending to tip it over,  Vogt’s 
mula (17a), = refers the the base, ‘gives, with modifications 


the ‘thickness 

s constant (2 ft.), this computation gives distance, h=1. 12 from the 
nt, A, o the imagined abutment, B. The principal | bending 


are in a direction perpendicular to the lines. The dis- 
—_tanee, h, is to be measured in the same dintlion: ‘The corresponding horizontal 


25 2. 43 ft. The x-co-ordinate of the true abut- | 
ment at the top i is s computed s as 69.66 . By adding the distance, 2. 43 ft., one 


obtains the -co-ordinate of the imagined abutment, 8 = 72. 12.09 ft. t. This value 
Be ‘is rounded off a 


to 72 imagined abutment line, B, is drawn, 


Fic. 157.—STEVENSON CREEK DaM: RADIAL PROJECTION ON CYLINDER 
8, 99 Freer CENTER at Top). 


Luni The dam is 7.5 ft. thick at the b bottom. | By applying Equation (68) with 

: this value of t, one finds hue = 0. 86 Xx 7. 5 = 6.45 ft. This value. is a little too 
ds 


arge because the bending moment involved does not act over a v« very | large 
istance.. The value chosen i is 6 ft., as shown i in Fig. 157. - 


block is considered with. a base, '2 fe by 60 ft, Vost’s Formula’ which 


refers to forces ‘perpendicular to the base, gives the, , distance to the imagined 


j 
. By off this’ distance ina horizon- 
The orizontal a 


arbitra 


follows 
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is in fact t quite arbitrary. Tt may ‘be “upo 


forces. By this method a emaller value of horizontal distance 
5 


from A to C will te found (about 8 ft., , or, possibly, about 9 ft. if the influence — 
of the water ' pressure on the side of the cangon i is included). ae In spite of its 


arbitrary ‘character, the line C (Fig. 1 157), i is used in the computations. 


The boundary « conditions applying to the abutments may now now be . stated as. 
follows: . There shall be no rotation at. ‘the line, Be. There shall be no deflection 


at A ¢ or whether ox one specifies Aor or does bat matter greatly, ‘since the 


slope at B is zero. | The « deformations due to the thrusts shall be consideret 


to extend to the line, Sd at t this “ee ‘there shall be no dis) lacement. ; 


is 


with ‘consideration of tia) and ditions. 


The deflection, 2, is | expressed by the sum, 


in )which,: are Bach, function, U (or is a 
is a function of x and 8, 50, 


Moreover, shall be sy ymmetrical in respect to 2, that i is, (x, aban 


With n, the number of terms in the. sum in Equation (69), 
‘number, ‘this equation cannot be expected to be absolutely exact, even with 
-functi ns, After” Choosing the functions, the: 


xcessive. The two are proposed for the case, n 


ay. 
are graphically. in Fig. 158. An ins 


superposition of “the t two diagrams a or 


‘diagrams of deflections obtained at 


‘The two functions are proposed. with the idea that each shall express features: a 
of the diagram of deflections as. 


ch, by a combined use of #88 
ed. — 

ons 

a | 

the olving the Equation of Flexure.—The following = 4 

dis- 
put- (69) 
one 
awn | chosen that the boundary conditions at the abutment Will be satisied. 18 Ve ae — 

A judicious choice of the functions, ¢, is necessary if an acceptab 
solution is to be found with a small number of terms, U¢, in Equatio 

| (69). In a numerical solution of this type the number, n, in fact, must mee. il 

tobee 

large. 
‘usts, 

vhich 
zined 
‘izon- 
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orthogonality defined by the relation, “whieh. verified. cai: 


by ae i ations, Chapter C, are ‘based on the still simpler solu 
tion in erg the ‘sum on the right side of Equation (69) is reduced to one 
The funetion, used d herein i is the as ‘ons (11). 
solution oes not show the up-stream deflections at the top | of the dam, which 


are conspicuous in the tests, and it does not represent final -Addi- 


tional ee are needed, 1 therefore, in connection with it. , These c 
-putations will be based on the idea of supplementary loads, as deseribed in 


the ‘Synopsis, and they will furnish information about the features v 


re ‘not accounted for ‘directly by ‘Equation (75). 


‘The following ‘statement 0 of a general method of solution applies for any 


number of terms, n, and is not on the choice of fune- 


in which, p=. 1, 2....n. Assume for ‘the time being “that the 


with n- terms in the sum, satisfies t 


Bis 


side ¢ of 


When the solution, z only ap ap ‘one may assure 


a degree of peony by specifying the nC conditions represented by | 
Equation (77), provided that the n functions, gp, are well- chosen. sub- 


stituting U in the expression for X (the left side of ‘Equation (56), 
with! Pe. taken from Equation (62)), and then carrying out the n in- 


egrations according to Equation (77), , for p= 1,2 obtains n 
ee simultaneous ordinary linear differential equations of fourth order for the 


functions, U, which are functions of y y only. These’n ordinary. differential 


the equation of flexure 
exactly (as it. may if the Toad i is modified sli ghtly). Let X denote the 


possib 
and tc 
other 


averag 


choice 


comnts 


any 
i 
so tha 
— exami 
vovitny 
emphs 
— 
4 chosen fourt 
sng 
My = 
and 
presse 
niles’ 
— (18) 
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— only 1 
there 
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| 

caatitis, with pe repli ace the equation ‘of 
ith the two independent — 


possibility is to divide the distance from = 0 t to x ‘into ‘n intervals, 
and to define the functions 8 by the ‘statement, g, = =p in interval number, a 
otherwise, gp ~The n equations (Equation then, will result in 


average vahie of X equal to zero of intervals. Another possible 
choice is = 1,9, = =2 Ip “may be a poly nomial 

of the degree, 2(p — 1). 
‘The following scheme, howev er, is recommende d. Choose the functions, 


?, 80 that they form a set of orthogonal functions entistzing the. ¢ onditions. 
fat? 


d m) Pip) d & = 0, for all combinations of two different numbers, m and p ). 


The set, of course, shall be one that lends —_* to expressing the deflections a 


any elevation. “Choose each function, + ps to corr pondin 


function, ys that is, 

‘The advantage of choosing proportional to. may ‘be observed 


examining the case in which n = 1, cand ois is the same as ee given in ‘Eq oe ec 


(71) and shown in Fig. 178. In the integral, Xgdz, for any particular 


elevation, all points at this elevation will receive consideration, © but _th 
emphasis will be on the middle portion, where Is p, and the deflections ar 


large. ' The parts nei near the abutments have. already received consideration by 
choosing. ¢, 80 that | the boundary conditions| at the abutment will be satisfied. 


The scheme may be judged also from the point of view of the work of defor- 


it ‘is: with the requirement that ‘the work of deforma 


‘complete solution of the n linear differential equations of 


fourth order for the n- functions, (functions of contains 4n integration 


constants, and i is a function. of these constants. the Constante, 


may be « disposed of by considering the boundary > ‘conditions at the top, 


a) M, y = Ry = 0. These conditions are replaced by a _Tequirement that M, 
and Ry shall be as ‘elose to zero possible. requiremen may 


ssure by the 2n conditions, 


mre: 


(67), respectively, with the ‘sum, U substituted for 
only the particular : solutions which satisfy the conditions 


there remain to be -determ ined 2n 

hem, 


there are available 2n condi itions at 


he 
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9 01 — 
— 
olu- 
olu- 

(75) 
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hich 
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bar icy 

Dw pre as the side of Kquations (53) and 

z. By considering 

> in Equations (7 8), 

ntial nstants. To determine 
ym of the dam. These 


“conditions may | be. in ‘the: ‘manner r of (71) and (' 


they will | take the form of Qn linear equations, which can. be solved for the 


additional conditions for the « constants, one may use again the form of Equa- / 


tion (7% dy only replacing x by the expression for the difference i in the values 
or —, or M,, or ‘R, above and below the boundary. — 

Tn order | to use Equations (77) and (78), it is git 
terms of z = = U ¢ first the derivatives of z za and then M,, 

Ry 


The following notation is used: 
U'"*, UIV = first, second, third, or fourth derivative, respectively, 


= fires; second, third, or fourth derivative @, respectively, of 


2 Qe | 
‘m derivative of or respectively, with 


| af 


The derivatives of ¢ with respect to y are dependent on the derivatives 


of 8 with respect to y. ye Fig. “157 shows that in the case of the Stevenson 


Creek Dam, between and y= 60 ft, 


tibrtex 


(88) 
— 
occurs in 8 JY or thelr derivatives. 
— 
— 
— 
— 
— 
= 
— on 
te 
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— 
— Si) apply whe bees 
uations (61) apply whe 
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Die: 


"substituted; . = is to be used in Equation (77). bb ne find 
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The quantity, X, is the left side of E ‘quation (56) with | th expression 


ite 


+ 


eT 


iz—e 
Live 


If the slope of the abutment. w constant, instead of 1; 
, Equations (82), and (85) would. be ‘modified. 
change to be made, however, is merely to multiply each derivative of f the form, = 
or 
9-—Sug gestion Concerning Tests of Models: Proposed Supplementar 
ests to Correct for a Difference in the Values of Poisson’s Ratio nag the 


being, let. the symbols which | have been introduced refer to a ‘eelluloid: 
model of the dam. Let the same symbols with bars over the letters refer to 


an imagined model, which is like the. celluloid model in every respect, except 


that: Poisson’: 8 ratio, shall be equ ual to that of the dam. ‘The second 1 model 


ad | 
at ‘ bation (67), 
oa 
in 
— 
= 
\ 
— 
ae = 
(81) 
81) 
AS oul d have the 
1, 


‘DAM ATION 


reted as applying am aply 


om 
xure of both ode Is. If z denot tes t e defle 


found by loading the imagined model the manner 


sere 


the equations 


‘relatively insignificant 
disere one may say th hat the solution satisfies the equa- 


s the boundary conditi tions at the abutments. 


er, the ‘solution requires at ‘the top of the ‘celluloid 
bending g couples, My and horizontal forces, The necess: ary 


values of these ex external ani, are defined | by Equations (53) and 
ary and forces | at the top were 
known, it would ‘not seem to be dificult to apply them i in a test in conjunction — 

with the liquid pressure The benefit would be ‘that the deformations 8 pro- 


uced by. the combined load ¢ sould be interpreted as ‘proportional to those of 

he dam. At appears de desirable, therefore, ‘to ind ate an experimental method 

determining these supplementary loads. 


‘The following new sy mmbols > introduced : 


89 


to the change « of curvature, in the diteo- 


Equation (88) to dint model, and by usin (88) 


and d (90), this condition may be re- stated i in the form, 


— | the 
(51) and (55) s 4 
— 
7 
— 
— 
— 
— 
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— 
 Bendi 
— Boris 
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appl; 
— an - 
By appl ing Equation (68) to the imagined model, and 
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= 
— wha 
— a (01) | assu: 
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re eC obtained with any degree of approx- 


n by combination of the 2n rs 1 individual loading scher mes indicated 


"The following notation applies i in connection with Table 82:00 

+ ae n; under practical conditions n must be 


‘to that of at and g,, in Section 8, except that th 
a PRirci Sat, in Equations (70) need not be satisfied 
the functions, dm, shall lend themselves to expressing» 


le 


some of the equations, yet may not be the 


yi ib 6 aff 
6: most suitable for the testing, is Am 


The load, (3), of bending couples and horizontal 
forces at the top, distributed according to the law, My = 6. we = by pm 


a Rite 


The corresponding ‘values, Y = = Ym “and Z = pat defined by Equations (89), 
“are: to. ‘be measured throughout the length of the top. ‘Similar | remark 


apply to Columns (2) and (4). After loading + the model according to the 


1- individual schemes, each time measuring the values, and Z, 


of the Qn unknown constants, . By te > Equations’ (91) 


the se heme used in Equations and (78), one obtains the: Qn 


‘With the expressions in |iiaavan (5) of Table. 39 substituted, ia. conditions _ 


e the 2n equations 1 which may be solved for the constants, 


obtains 
wa 
— 
— 
4 
q 
= 
88) 
rec- 
ie¢ 
— 
qua- 
— 
(90) j (4, + N4 ) = 0 (i, +N 4 Z)g, 


pi: 


may be and the combined load, which 
Z, may be ‘applied éx ina final 
isthe 


Dam 


Dimensions, and M easures of computations 
following | to the ‘Stevenson Oreek ‘Dam. Unless stated specifically ther- & 


wise, distances, such as x, y, s, and t, will be measured in terms of the unit, } 
A= 10 ft. Deflections, 2, are stated in iniches. A like —, nccordingly, 


Fig. 159 shows, in terms of the. unit ut 
Hines, B and G, that were given: in Fig. i The diagram shows also the divi- 


sion of the area into strips for the purpose of the numerical solution. - Except — 
i ~ close to the bottom, the height of each strip is ‘one unit (that i is, 10 ft.). 


t 
co- -ordinates, y = 3 —and 3 te refer to the horizontal line, y = % 4 indicating 


points i spectively 


Fie. 159 —STEVENSON CREEK Dam: ‘pisimunieaee IN TERMS OF THE Unit, A = 10 FEET; 


Equation (79) assumes the form, (b) 


1, is 9.9 X. The! ‘vadius: of the: up-stream face is 10 X. 


The thickness, t, measured ‘perpendicular to the middle surface, will be 
Fero< 


3) 
ai 


the latter formula applying with a sincaeuissase degree of approxithation. 


(51) 

— 
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= 3 600 000 ib. =o 


Equations (65): 
IR: 


8 
~ 1+ 0.297 (y— 3)? 


.782 (1 + 1.485 (y — 
0.297 (y — 3)°)? 


| according to these formulas 

AND ‘Maasunes oF 


Functions ¢ and g 
‘expression, 2 = U ¢, has been indicated: @ is the same as 1 defined by Equa- : 


tion (71) and shown in in Fig. 158. _ The derivatives of @ needed for the ¢ com- 
‘putations a are stated in Table 34, Numerical values are given in Table 35. _ 


‘The function, g 9; is chosen as follows: 


‘value of at the top; 


= 


TABLE —Foncrion, WITH DERIVATIVES AND 


= 8 (—30 x2 + 105 a4) 


= 8 (— 8 s+ + 80 


in (7 1 to expression in (85), one obtains the ordinary 


‘differential equation of fourth order, the equation for U, which replaces the 


ion of flexu 


exure, This equation assumes the form, — 


“A, U0 + 4,0". + A, + A, uw 


TABLE 35.—Vaturs or @ anv Irs ‘Dertvatives 
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each coefficient, as abnns directly from Equ 


45 0.15 


Ks 8 


(—2+ Ks) 


in the c case of a reservoir. 
, T, and P, will be ignored. co 
water pressure per unit of aren 


“Capon which dz is measured), becomes, 


Tik ; 

refer to ‘the depth, Let eymbols with ‘the index, -h, the 

values” at the ¢ epth, yah The latter v alues are ‘assumed 


are also used. By dividing 
= 
nfluence of the water pressures 
a | the expression for C the terms mt 
| he cylinder with radius 99 
Thus, one finds, in the case of a full reservoir, 
the | Table 36 contains numerical values according to these formulas). = = 
02) | TABLE 36.—Coerricients 1n DirFERENTIAL Equation ror U (Equation (102)), £(am 
that the interval from to yi small enough to 1 make it possible to 


DAM 
express oF within this interval, with the desired degree | 


polynomial of fifth degree in y. The constant derivative of this oly- 


antities, u, ... ul¥, be defined as follows: 


= 4 wt =U 


Ay, Equi on a assumes he form: 


UIP changes ‘suddenly’ at ‘the ‘depth, 3, Equation will, ‘be 


applied at the depth, but. not at the depth, y= 3+. The values 
4 stated in Table 37 for y= 0 and y = 8+ are obtained | by dividing the cor- 


esponding coefficients i in n Table 36 by The equation thus obtained, 

"+ a, —UW+c=0... 

gives a a simple of at these particular elevations when 


7.—CORFFICIENTS IN Equations FOR AND UV.* 


33098 | 


1.6187 

0.68705 


tion 
Ve 
eg 
fun 
— 
ig = 


The is's 


which, c, are constants, and Un ar particular solu 
tions of Equation (202), each ‘satisfying the conditions: at the top, as stated 


Equations (100) and (101). Ur is ‘the: function, U, ‘defined by 
the further Ty = = 0. Uni is the particula 


O= o= 


three solutions do not satisfy the conditions at the bottom. 
_ the combined Solution in Equation (113) satisfies § all the conditions. © It may 


be observed that and ¢, are the resultant values of U and U’,, respectively. 
of t the three solutions obtained | by the following process 


“For y= 0 express and by “Equations (100) and (101), and compute 


IV by Equation (112), using t the coefficients in n Table Bt. 


au). Compute v, ow, ‘for 
s systematized by arranging the terms as in 1 Table 38. 


62 
2 801.9 


Proceed according to the same pattern from v= ye tos y = 2, and then f 


is the particular integral defi = 

efined by the conditions, U, 

8) | — 

— 

g to Equa- 4 

= 

09) | — 

10 

| 

— 
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“In passing fro1 U, 
_In passing from y = 3— to y = 3+, the 0”, 
remain unchanged, but suddenly. the value of 


y= 


= 8. + by Equation (112). att bow 


Proceed to the pattern i in Table 38 from y =i 


xt twit in Fig. have the height h = 
corresponding pattern ofe computations. Proceed accordingly from 


» The ‘three solutions 


cular Solution Defined by U Full.) 


ad 


6.0875 


8.1116 
89 


f the “many numbers involved, the computations were carried 


‘ “out with five significant figures in each number which begins 1 with figure 


| between 11 and 99, a nd with six significant figures in each number v which begins @ 


‘The polynomials expressing U for the different atziys join: each other at the 


— 
strip 
— 
have 
=5 | U TIT 
— 
= 
— 
— 
— 


The diagrams for have the app 


the differential equation on for U at th the ‘edges the 
strips. The degree of accuracy is the greater, the narrower the strips, and the : 


-. amare: the curves which ‘Tepresent the functions In view of the > latter con- 
dition, the combined expression for U ‘in Equation (118) can be expected to 
have a higher degree of accuracy ‘than the individual solutions, Un 


od TABLE 40. SOLUTIONS OF THE DivFERENTIAL 


_ VALUES For Uy = 1 Inch; 


0.18889 


0. 73833 
— 89°90 


VALUES FOR Uo = = = 0; 


med 
0.058488 
0.82081 “ee 


+ 


} ‘ 
1.9685 


16—Conditions at the Bottom.—The true abutm is at the depth, y 


whereas the imagined abutment, B, is at the depth, y 


y 


with the idea of the e imagined abutment to state. the BESS amet at the bott m 


n the following manner with the indices representing the values of y: ee 
reover, it is in in keeping with this idea to expres 
ny = y= 6.6; that i is, 


y at the depth, y = 3 
ear- 
4 : 
— 
— 
a — 
5.7617 — 8.8904 
ny 293 . 
ins 
the 


18 quantity: 


— 600.46, — 1053.82, and 139.57, respectively. By referring to Equa- 
U, a and finds the following two equations, 
272.33 3 8.9 


82 U,! + 189.87 = 


computing 
(119), the results applying to the part, of dam m appear a as small 


"differences between much larger numbers. The condition of small differ- 

ences” does not exist here in an objectionable | form, yet it considered 
desirable, partly for the purpose of ehecking the computations, to compute 
an additional particular integral, Uiv, using the same method by wi ich the ; 
defined” 


ne; other particular : solutions were obtained. This particular ‘integral is 


by the conditions stated in the title o of Table Al. is The results are given in 


this table. They s should be the same as those defined by Equation (119), but 3 
n account of the natural limitation in the accuracy, resulting from the use 


of only five significant figures in most of the numbers, small errors accumu-— 


late, and may be noticed | in the 


ror U) = 


716 


din the form 
| 
— y 
— 
— — 
— 
at tl 
— 
— 
enee 
— diiw 
— Bea 
ed in the same 


~ 


ealls for additional computations. 


a 


oH DA 


finds the new valine of and Cy which, in Equation (120) define 


= — 0.0042643 — 0.0066761 Ur + 10° 
42 contains the resultant values computed according to Equation 


2.— RESULTANT or U A 


24 


_ ‘BL. 947 


m. these conditions are e changed so ‘that instead of the 
in the last line in Table + 42 the > noticeably différent values in Table | AL are 
produced, the - corresponding changes at the top, as indicated by the differ- 
ences between the values i in the first lines in the two tables, will be negligible. 
The conclusion is indicated that the conditions at the bottom, i in general, have 

i ‘no great influence 1 upon n the upper part of the dam. It is a simple matter to es 
compute new values of the constants, and ¢ Equation (120) 
responding to conditions other: those of Equations: (114). -Compu- 
tations of this sort show, example, tha t by moving 1 the fund 


from the position, y = 6.6, to the ® position, y= 8, the top of the dam will be f 


affected only slightly. The influ he lower par of the dan 


17 —Supplementary 


0 roduce 


and (88) ‘define the values couples, My, and the. 


forces, Ry, which must be applied at the top order to produce the deflec 
tions, z = U Ug * The true values, of the couples ai and forces at the top are nero. ee 


Thus, the supplementary, couples and forces may be expressed a: as, a, 
7 


By y substituting the caheiee given. in the firs line in Table 42, one finds 
103 — =15. 149 26. 752 2,8 2231 + 0. 18346 (12 


— 
q _ Fig. 160 shows the fy 
‘TABLE 4 
q 
— 
4 
solution which has been ob- 
4 i= under the in 
2 — 
— 
— 
4 — 
— 
r, 
| & > 


su arc | thrust is, the amount 


Equation (85 with t numerical values substitut d from the frst 


for y 


i 


flexure do es ‘not give information concerning: the v ariation 


and | positive near the this case the. total variation 
TABLE 43.—Supr1 EMENT ARY Loans, AT THE TOR OF THE DAM 


Couples. Distributed Load. 


‘27.724 
22.409 


Serr 


e qua w’, the combined influence of of 


decrease the deflections: at the top. in the central portion — and increase the 
Ty deflections closer ‘to the. abutments, These effects, however, 


can be shown to 
be only small, ‘and they, be ignored i in the present discussion. The 


plementary forces, R, show a tendency to ‘produce up-stre: a (negative), den 


tions of a part of the top, but these effects, too, are relatively unimportant, 


and will be Ty 


LEMENTARY LoaDs Tor or 


oF STE 


4 
— 
4 
— 
; Ii”, 
— 
2 
= yy Phe distributed loads, w’, on the other hand, are important. One may 
a | estimate the deflections, 2’, at the top, produced by these loads by considering __ — 


ae 
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presenting g,and since w’ dx = 0, the arch b 
sw’, will be unimportant The arch, therefore, will eflect approximately as a 
naeie fixed beam, according to the law. 

| 


four r successive integrations, 


dx represented by 0 1s. The diagram shows ‘alle the values 


Since the top of the dam is not an arch, the up- deflec- 
thus obtained, ‘are exaggerated. With this ‘nature of the results 


P mind, they may be compared with the results of the tests, “The constion 


is indicated that the general structura behavior of the Stevenson 
can be . accounted for i in terms of the theory of flexure of an elastic shell. 


be 


mm sen 
approximate values of z’ given in Fig Effec 
Soe. 
| 
— 
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— 
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| D. M. . M. Am. ‘Soo. ©. 


arch ams 
le. Since, however, this question is important, the 


gives herein some records of experience, comments. 


ince 1923. a dated May 13, 1927, D. Gallow 
Boon. C. E., Chairman of that Committee, gives ‘the following records and 


In the reports on the effects of on engineering structures whic 


quak 


— of the Spring Valley Water Company. - This w as an old dam at the Crystal 


i Springs Reservoir site that had been submerged by the building of the larger 


masonry dam. . There ws was water on | both sides of it and the earthquake rif 
‘ruptured the dam, but no 0 exterior damage resulted, on account of its situa 


tion. In 1 the Santa Barbara earthquake of 1925 a small dam was destroyed 


| 


some damage resulted from - a the water washing down the canyon. There 
was considerable criticism of the. construction methods of this 


pr injured i i n any earthquake of the intensity of the 1906 Californi 


‘3 ‘The Crystal Springs Dam i is built of concrete masonry of gravity. section, 1, but 


of an arch form. It is ; situated within a few hundred feet of the  eaxthanpke F 

_ rift and must have been subjected to as severe shaking as it is possible for a — aa 

structure to receive that is not situated ‘directly. over the rift. by ‘Tt was. not 

damaged. In the ‘Santa Barbara earthquake, the | Gibraltar Dam, arched 


"structure, was so. severely shaken that watchman who on the dam at 
the time had difficulty im standing up. af ‘The dam was not damaged by the is 
shake. These are two major instances of dams passing through earthquake 


Ih Mr. Galloway’s $ opinion any structure placed directly over the rift in the 


4 ground that causes an earthquake will be partly or completely. destroyed. ‘The 


- forces a are irresistible and if the earth movements are large nothing can with 


stand them. The total. eerth movements in the ‘neighborhood ‘of the C Crystal 


Springs. Reservoir ‘amounted to about 15° ft. In the general case, however, 

- the dam was not situated directly upon the rift, but was subjected only to the — 

vy vibrations of the ground, or the earthquake waves. On account of the nature 
and positions o “4 of dams, it is do btful whether even severe ‘earthquakes will is 


Foundation, 
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them to any great extent. In some earthquakes there ‘is tende cy 


condition masonry dam | would be founded upon with bed-rock 


aes ments. No ; movements of bed-re rock in 1 canyons has ever been observed other 
the when ‘subjected to earthquake waves. It is the 


that a ‘properly built masonry arch, ibuanad to earthquakes of the intensity 4 
of that of California in 1906, or greater, will not be materially injured. 
_ailt The Earthquake Committee is collecting all information a ilable on 


‘the effect of earthquakes on dams, and will present these | data in its report, . 
to be published by the American Society of Civil Engineers: 


Ave. Secretary Noetzli, of the Committee on Arch Dam Investigation, contrib- | 


‘utes the following note: The Corfino Arch Dam in “Tuscany, Italy, was sub- 

jected to a violent earthquake which was of su such intensity that ‘most of — 

buildings in surrounding towns destroyed. The dam itself not 


130 ft. high. P It haa a vertical water face ‘curved 01 ona | constant radius of 7 7 ft. 
= The ‘thickness at the crown is 5 ft. and at the base, 23 ft. " 4 


situations where a strong, thick sheet of ice ‘can on a 


and where there may be large changes of temperature below the freezing ‘point, — 
the ice may exert great pressure ‘upon a’ dam. Although the combination of 


‘conditions producing m maximum pressure may oceur with great “infrequency, 
provision should be made in ; some way for the worst probability, unless the 


i dam i is so situated that its failure could not cause a nonegesied bec thin dams 4 
especially ‘careful consideration i is necessary. 


Tee has done serious injury to dams in a number of instances. The maxi- ] 


hrust is to be expected where a thick, sound sheet of strong ice has some _ 
butment against which to re-act when ‘its temperature rises rapidly from a 3 
point far below freezing, for example, a n island in the reservoir, or an inward 
tend in its shore, not far away, with | steep slopes at ice level. Tee has about 
eight times as great capability for thermal expansion as steel. Its coefficient 
of expansion is given as 0.000640 per degree ‘centigrade, or 0.0000856 per q 
degree Fahrenheit: i Prewure of an ice field may | be increased by wind friction. 


‘Tee has a modulus of range from 180.000 to 360 000 Ib 


‘widely and is given by authorities as 12 to 25 tons per sq. ft. pres- 
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ee Yay Was An account of the remarkable effect on the dam was given in Schweizerische Bauzeituny, ff = 
ecember 27, 1924, and in “Die Staumauern,” by Dr. N. Kelen, 1926, p. 184. 


of the « dam. meee 


insidious and often does not begin to manifest 
‘months’ or years after completion of concrete structures. Its causes and prob- 
e@ the kind of construction inspection which has been prevalent 
necessary in hydraulic ‘structures exposed to the 


weather in places where frost action may 


in water- tight and care during the period of of 
are essential. _ Very dense concrete made of good materials is remarkably 
‘resistant; but ‘density alone is not sufficient, although dense e concrete of any 
en materials will resist deterioration longer than -permeabl a 
same ‘materials. Some studies in America and other eountries indicate 
that for durability of concrete to be exposed t to water under der pressure, or 
sea water, or to alkali i in soils, it is most important to select a: a suitable cement. 
Cements which n may be acceptable - for structures not so exposed | may quickly 
deteriorate under the conditions named. In other words, given honest and 
intelligent -eraftsmanship, « deterioration of ‘conerete originates in chemical 
use of unsuitable cement or other ingredients. 


addition to density, ita appears to be necessary also to utilize all siete, 


material 


can anded, should ‘not b 
type of dam may be necessary. 


4 values ranging from 12 to 
ging from 12 to 25 t 
ier | Wherever serious ice pressure may occur, 
pressure may occur, either the possibility of a thrust 
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